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Introduction

"SPARKY — Spring Ankle with Regenerative Kinetics” to build a new generation of
transtibial prostheses

Keywords: Transtibial Prosthesis, regenerative, spring, wearable robot

The goal is to design the Spring Ankle with Regenerative Kinetics (SPARKYy) which
seeks to develop a new generation of powered prosthetic devices based on the Robotic
Tendon actuator. This actuator is a lightweight motor and transmission in series with a
helical spring that significantly minimizes the peak power requirement of an electric
motor and total system energy. The Robotic Tendon has kinetic advantages and stores
and releases energy to provide SPARKYy users with 100% of required push-off power
and ankle range of motion comparable to able-bodied ankle motion while maintaining a
form factor that is portable to the wearer.

Objective: The SPARKy Team using several unique technologies developed at
Arizona State University’s Human Machine Integration Lab will build a new generation
of smart, active, energy-storing, transtibial prostheses that will support a Military
amputee’s return to active duty.

Military Relevance: Military amputees have unique requirements not found in the
general amputee population. Military amputees are typically highly active and young.
Their profession requires that they perform physically demanding dynamic tasks under
severe conditions. Current state-of-the-art devices that are commercially available and
in research do not address their unique requirements. SPARKYy is the only device of its
kind designed to address the technologically challenging requirements of the highly
active Military amputees. SPARKYy is very powerful and efficient. This will allow the
amputee to carry heavy loads while walking at speeds up to 2 m/s. The mechanical
design addresses the demanding nature of the service member’s environment and
conditions. For example, the complete electronics and power train package can easily
be removed in the case of a malfunction in a field condition, so that the device
transforms into a conventional prosthesis.

Public Purpose: A transtibial prosthetic device that satisfactorily mimics able-bodied
gait can be used by the general public. Because of the prevalence of diabetes, the
number of below-the- knee amputees will increase greatly. In the first year, we found
that the subject’s health improved because he was briskly walking on a treadmill with a
powered prosthetic device.




Body

The SPARKY Project (Spring Ankle with Regenerative Kinetics)

Even today’s most sophisticated microprocessor controlled foot-ankle prosthetic
devices are passive. They lack internal elements that actively generate power, which is
required during the “push-off’ phase of normal able-bodied walking gait. Amputees must
rely upon the limited spring-back available within the flexed elastic elements of their
prostheses to provide power and energy and thus must modify their gait through
compensation. Consequently, lower limb amputees expend 20-30% more metabolic
power to walk at the same speed as able-bodied individuals. A key challenge in the
development of an active foot-ankle prosthetic device is the lack of good power and
energy density in current actuator technology. Human gait requires 250W of peak
power and 36 Joules of energy per step (80kg subject at 0.8Hz walking rate). Even a
highly efficient motor such as the RE75 by Maxon Precision Motors, Inc. rated for 250W
continuous power with an appropriate gearbox would weigh 6.6 Kg. This significant
weight is only the actuator and transmission. It does not include the electronics or the
batteries.

In the first year, we designed the Spring Ankle with Regenerative Kinetics
(SPARKY) which uses a new generation of powered prosthetic devices based on the
Robotic Tendon actuator. This actuator is a lightweight motor and lead screw in series
with a helical spring that significantly minimizes the peak power requirement of an
electric motor and total system energy. The kinetic advantages of the Robotic Tendon
will be shown along with the electro-mechanical design and analysis that will provide
SPARKYy users with 100% of required push-off power and ankle range of motion
comparable to able-bodied ankle motion while maintaining a form factor that is portable
to the wearer.

In the second year, we developed and tested a transtibial prosthesis that will
support continuous unstructured walking for up to 2.8 hours. A pilot study with 2
subjects tested the device. All components are worn and are lightweight and portable.

In the third year, we developed a transtibial prosthesis that will transition from
walking to jogging on a treadmill. We are designing new controllers this year studying
different types of microprocessors.

SPARKY Project Overview

Phase 1

Phase 11

Phase 111

*Tabletop Controls

*Fixed Stiffness
(i.e. Fixed Load)

*Treadmill Walking

*L'O Power Analysis

*Portable Conirols

+*Variable Stiffness

(i.e. Variable Load)

*Over-Ground Walking

sIndependent Gait

Laboratory Analysis

*Upgraded Controls

*Variable Stiffiness

(i.e. Variable Gait Type)

*Transition from Walking

to Running

*Independent Gait

Laboratory Analysis




Phase 1. To develop, test and demonstrate a transtibial prosthesis based on our
“Robotic Tendon” technology (Months 1-12):

a. Design and build SPARKY | with the capability to support walking on a
treadmill. Sensor feedback will identify user intent to start, stop and
change speed. The device will continue to passively support walking even
in the event of battery failure. (Months 1-8).

This subtask has been completed. Sensor feedback allows the user to start,
stop and adjust their speed when walking on a treadmill. When power is lost,
the pylon is locked in place and the user will walk on the passive carbon fiber
keel.

In our design considerations, we kept the passive carbon fiber keel to allow for
walking in the event of battery failure.

b. Test and iterate the design with selected transtibial amputees. (Months 9-
11).

We have recruited one subject and have tested the design. We are using a
harness mounted above the treadmill for safety.

c. Demonstrate SPARKYy | to MARP and TATRC. (Month 12).

Completed on November 2", 2007 at Brooke Army Medical Center.

Phase 2.To develop, test and demonstrate a transtibial prosthesis for over ground
unstructured walking (Months 13-24):

a. Design and build SPARKY 2a with the capability to support continuous,
unstructured walking for up to 2.8 hours. Mechanical tunability and sensor
feedback will allow for variations in load, speed, and environment within the
bounds of walking. All componentry will be lightweight, self-contained, and
portable. (Months 13-20).

SPARKYy 2a has been designed and built. Testing of the mechanical design is
on going. A microprocessor has been chosen and code has been ported to
the microprocessor. The microprocessor unit has been attached to the device
and drives a brushed RE40 DC motor.

b. Bounds of walking (up to 2 m/s) will include walking on flat even surfaces,
walking on inclines/declines, and ascending/descending stairs



We are able to walk continuously over ground and can walk up and down
slopes and stairs. Walking up a slope and ascending stairs needs to be
improved, adding extra propulsion. The propulsion walking down stairs needs
to be reduced.

c. Test and iterate the design with two selected transtibial amputees at
Arizona State University.

A second subject has been recruited and a new socket has been
manufactured. The second subject has successfully worn SPARKy 2a.

d. Testing will include motion capture and oxygen consumption measures and
will be independently conducted by another research team at Washington
University, Saint Louis, MO. (Months 21-23).

SPARKY 1a has been delivered to Washington University on January 11,
2009 for initial fitting and testing.

e. Demonstrate SPARKYy Il to Brooke Army Medical Center. (Month 24).
Demonstrated SPARKY Il on October 22, 2009.

Phase 3.To expand the capabilities of SPARKYy Il so that the device supports
treadmill jogging (Months 25-36):

a. Modify hardware and upgrade control software for SPARKYy II, which will
allow the device to support the transition from walking to jogging and permit
continuous jogging (2.5 to 4 m/s for up to 1 hour). (Months 25-32).

We are working in conjunction with LTC Joseph Hitt to develop a jogging

prosthesis. Jogging was first demonstrated on April 16™ and April 23, 2010
at West Point.

b. Test and iterate the design with selected transtibial amputees. Again, the
task will include independent motion capture and oxygen consumption
tests at Saint Louis University Hospital, Saint Louis, MO. (Months 33-35).

In process

c. Demonstrate SPARKY Ill to MARP and TATRC. (Month 36).

Program Line Review on July 27", 2010.



Phase 2 Deliverables

Deliverables:
1. Design and construction of SPARKYy 2a - Completed
2. Develop a rate gyro based controller for over ground walking - Completed
3. Test able bodied subjects walking on flat even surfaces, inclines/declines, and
ascending/descending stairs — Completed

4. Using able bodied test data, a controller will be developed for over ground
walking that includes inclines/declines and ascending/descending stairs —

Completed
5. Develop a compact microprocessor - Completed
6. Develop a compact brushless DC motor amplifier —

Stopped working on this item

7. Port Matlab code to microprocessor Completed
8. Test SPARKY 2a on two transtibial amputees at Arizona State University

Completed
9. Conduct and Independent Motion Capture and Oxygen Consumption Test.

In Process

Phase 3 Deliverables

Deliverables:
10.Design and construction of SPARKy 3a
a. Developing an ankle in conjunction with West Point Completed
11.Develop a rate gyro based controller for treadmill jogging
a. Jogging was demonstrated at West Point on April 23", 2010 Completed
12.Develop a compact microprocessor

a. Investigating new microprocessors Completed
13.Develop a compact brushless DC motor amplifier Completed
a. Using AMC AZBE40AS8
14.Port Matlab code to microprocessor Completed

a. Using Matlab, Real Time Workshop, MPLAB from Microchip, and the
Kerheul Toolbox
15.Test SPARKy 3a on two transtibial amputees at Arizona State University
Completed
16.Conduct and Independent Motion Capture and Oxygen Consumption Test.
In process



Background Material

Due to its repetitive nature, the discussion of gait is done in terms of percentages of
a gait cycle. A gait cycle is defined for a single leg and begins with the initial contact of
the foot with the ground or "heel strike', the conclusion of a cycle occurs as the same
foot makes a second "heel strike'. To illustrate a typical pattern of gait, consider the
kinematics and kinetics of a normal ankle, see Figures 1 and 2. Notice, the ankle
moment (torque) data is normalized by body weight, kg. The gait data is based on
inverse dynamic calculations.

In figure 1, peak ankle moment occurs at roughly 45% of the gait cycle and at a
value of -1.25 Nm/kg or for an 80 kg person, -100 Nm. The negative sign represents the
physiological direction for which the moment occurs; in this case, peak moment is acting
to move the foot in a toes-down direction. As an interesting note, at the point at which
the peak moment occurs, the ankle angle begins a rapid descent to its lowest overall
value of -24° at 60% of the gait cycle. The region of gait approximately between 45%
and 60% of the gait cycle is known as "push off'. At the conclusion of "push off', now
considered "toe off', the leg initiates "swing' and the foot is then positioned for the next
“heel strike'.

Use of the term Robotic Tendon implies an analogy to human physiology. The
simple inclusion of a spring to a linear actuator can provide energy and power savings
to the design of a wearable robotic device. The premise is that the human muscular
system uses the advantages inherent in its elastic nature. Those advantages are a
minimization of both work and peak power. In terms of an electric motor, minimizing
peak power implies the reduction of requirements for motor size and thus weight.
Minimizing work implies a reduction of stored energy supply or longer battery life.

A conceptual model of the Robotic Tendon can be seen in Figure 3. In the prosthetic
system, the forces and displacements are based upon able body ankle gait patterns.

In contrast to a direct drive example, our spring based actuator design has very
different characteristics. Using the simple model of the Robotic Tendon in Figure 3,
comparisons to direct drive approaches can be seen. In a direct drive approach, the
stiffness K can be considered nearly infinite, thus all of the environmental displacements
must come from the linear actuator.

From Figure 3, a development of motor power requirements based upon stiffness K
can be derived. The position of the environment, Xy, is given by converting the joint
angles of gait to linear displacement using a simple lever arm. The motor position is
thus a combination of the position of the environment, x4, and the position of the spring,
Xs.

Unlike other elastic robot designs, it is important to note that the motor is position
controlled which is very simple and economical. The position of the motor is adjusted
based on the desired gait kinematics and kinetics. The ankle does not interact directly
with the motor but interacts directly with the spring. Repeating the previous statement,
the motor controls the input side (proximal side) of the spring and the output side (distal
side) of the spring is not controlled, but moves based on the user.

In 2007, we are the first to show that a SLIP model (Spring Loaded Inverted
Pendulum model) works very well for walking. In the past, it was shown to work for
running.
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Figure 1. Normal ankle gait kinematics and kinetics.
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Figure 2: The power during the gait cycle reaches 250W for the following assumptions: 80 kg
person, walking at 0.8 Hz (1.25 sec/cycle).
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Figure 3: Robotic Tendon Model: A motor and spring in series (spring is tuned for proper gait).
We use a position controller to place the spring at the correct location at the correct time. The
motor controls the input side of the spring and the output side of the spring is not controlled, but
moves based on the user.

Power Analysis

F= K(ao _Xs)

R
(Pm )peak F .Xg +T‘

gait power  spring power
Human ankle gait power, FX,, can be both negative and positive. When it is

negative, a resistance motion is applied to the ankle and when it is positive a propelling
motion is applied. A motor unit must provide power, Pn, to both resist and propel human
motion. For this reason, a direct-drive solution is not energy efficient because the motor

is used to resist the motion. Values for force, F, velocity,X,, and F can all be

determined from human gait analysis data; thus stiffness, K, becomes the only design
parameter to reduce the peak motor power.

To design an assistive robotic device for gait, understanding motor velocity and
power requirements is fundamental. Consider the case where spring stiffness, K, is
nearly infinite (i.e. direct drive). In this example the spring power term drops to zero and
the motor must provide the absolute value of normal gait power. In the opposite case,
consider a spring with stiffness near zero. In the second example, the power
requirements tend toward infinity. If we were to assume a straight line between these
two cases it would appear that one could never do any better than a direct drive
scenario. Fortunately, this simplistic relationship is not the case. On the contrary, if a
spring is properly selected both energy and peak power for a motor required to perform
human gait can be drastically reduced compared to the direct drive analogy.

=max

Basic System Principles:

The operating principles of SPARKy are shown in Figure 4. During the stance
phase, the leg rolls over the ankle pulling on the output side (distal side) of the spring.
The motor also pulls on the input side (proximal side) of the spring adding stored energy
as well. The stored energy is then released quickly during powered plantarflexion.

11
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Figure 4: In our prosthetic ankle, the motor and spring are mounted behind the leg. We use
springs to store and release the needed energy. As the leg rolls over the ankle, the motor
attached to the proximal side of the spring and the lever attached to the keel and the distal side
of the spring both pull on the spring in opposite directions. The stored energy is then released

for powered plantarflexion.

In our design we chose springs because of the following reasons.
* Springs are Powerful
* Springs are Efficient
* Springs are Lightweight
e Springs are Economical
* Springs are Compliant

Our robotic tendon gives us the following benefits.
* Input Power reduced by 2/3
*  Weight reduced by a factor of 7
* Input Energy is 1/2 of direct drive example

12



SPARKyY Phase 1 Design

Figure 5:

A Robotic Tendon is mounted behind the leg.

Springs are used to store and release energy.

Very efficient and lightweight RE40 motor is used.

Efficient gearbox and lead screw design.

Rod ends are used to quickly adjust the lever arm length.

The sensors used include a motor encoder, ankle encoder, and a heel switch.
Energy efficient carbon fiber keel is integrated into the device.

Noo~®WNE

Lead screw |

Robotic

Tendon — Spring

- o RE 40 Motor

FS 3000 Keel
Lever arm

Figure 6: Isometric and side views of SPARKy Phase 1 as modeled in SolidWorks. The Robotic
Tendon actuator provides a dynamic moment about the ankle joint.

13



SPARKY Phase 2 Design

Figure 7. SPARKYy 2a: It weighs less than 3.0 kg and will use a RE40 DC motor along with a
custom roller screw. The sole of the shoe to the top of the Robotic tendon measures 12.9
inches.

e The refined SPARKY design uses the RE40 motor, roller screw robotic tendon
and FS3000 keel.

e Total Weight: 5 Ibs not including socket
e Box Dimensions: 9.6 L x 3.7 W x 12.9 H (inches)
e Min. Clearance Height: 5.5 inches

14



Human Subject Data:

Our system provides ankle motion that is comparable to able-bodied gait. See
Figure 8.

50 160 ) 1.‘1\0 260 250
Time Step

Figure 8: The subject walks on a treadmill at 2.2 mph. The ankle has 9 degrees of dorsiflexion

and more importantly 23 degrees of plantarflexion based on the actual lever displacement. The

user has complete control of the ankle motion because the output side of the spring is not

controlled. The actual lever displacement fits the model extremely well.

o e

M (Mean, Actual) /=

2—2(} . ‘/\ |
'g 4 | | ) ,': Standard
E 0 ,’V Deviation 1
2 ol M (Model)

SIU 100 2!.'-]0 25:0

. 15:-0
Time Siep
Figure 9: The subject walks on a treadmill at 2.2 mph. The ankle moment matches the model
very well.

Our system provides 100% of required push-off power. See Figure 10. Our subject
requires 250 Watts of push off power, but the motor supplies only 55 watts of power.
How is this possible? A power amplification of 4.5 is achieved because the user stores
energy in the spring as the leg rolls over the ankle in the stance phase. The motor
stores additional energy in the stance phase, and then the spring quickly releases the
energy during powered plantarflexion.

15



SPARKY 1A Gait Test: 26 Jun-2007
Mechanical Power infout (2.2mph)
9 Gait Cycles Shown
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Figure 10: The subject walks on a treadmill at 2.2 mph. At push off, the motor supplies 55 watts of power
to the input side of the spring. The output side of the spring supplies 250 watts of power to the subject
allowing for powered plantarflexion. This is only possible if the spring stores energy during the stance
phase and quickly releases the energy in a powerful burst at push-off.

In Figure 11, the true energy supplied to the device is shown. In real-time, the current
and voltage to the motor are measured.

SPARKy 1A Gait Test: 26 Jun-2007
Electric Power InfMechanical Out {2.2mph)
9 Gait Cycles Shown
T T T T T T I I I
: ; ; : ; ; : ! Pawrer Input (Electric)
Pawer Output (Mechanical) [

250_ .............. ............... ............ f .............. ............. ..............

33 34.. o 1 .38 ..39.
Tirme [sec]

Figure 11: The subject walks on a treadmill at 2.2 mph. At push off, the motor supplies 55 watts of power
to the input side of the spring. Because the gearbox, leadscrew, and motor are not perfectly efficient, the
electrical input is 150 watts at push off. The output side of the spring supplies 250 watts of power to the
subject allowing for powered plantarflexion.

The same data is repeated for the subject walking at 3mph. See Figures 12, and 13.

16



SPARKYy 1A Gait Test: 26 Jun-2007
Mechanical Power infout (3mph)
9 Gait Cycles Shown
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Figure 12: The subject walks on a treadmill at 3 mph. At push off, the motor supplies 60 watts of
power to the input side of the spring. The output side of the spring supplies 270 watts of power
to the subject allowing for powered plantarflexion. This is only possible if the spring stores
energy during the stance phase and quickly releases the energy in a powerful burst at push-off.

SPARKYy 1A Gait Test: 26 Jun-2007
Electric Power InfMechanical Out {3mph)
9 Gait Cycles Shown
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Figure 13: The subject walks on a treadmill at 3 mph. At push off, the motor supplies 60 watts of
power to the input side of the spring. Because the gearbox, leadscrew, and motor are not
perfectly efficient, the electrical input is 150-160 watts at push off. The output side of the spring
supplies 270 watts of power to the subject allowing for powered plantarflexion.

In Figure 14, multiple gait cycles are averaged together. The peak of the mean output
power curve is compared to the peak of the main motor input power curve and a power
amplification of 3.7 was determined. A sophisticated model of the Robotic Tendon that
includes motor inertia, gearbox dynamics, friction, and lead screw dynamics was
created. Using this derived model, an output power curve and a motor power curve
were simulated.
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Figure 14: The subject walks at 2.2 mph. Measured power out, P, and power at the nut, Pp,, for
the test series with a 36KN/m spring and a 9 cm lever at 1 m/s (2.2 mph). The figure shows the
mean and standard deviation of the data and its corresponding models, as annotated. Note that
the device achieves a very high level of power amplification of 3.7. This is the unique
advantage of a Robotic Tendon. A sophisticated model was built to simulate a gait cycle and the
model data matches the mean data well.
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Testing of SPARKyY Phase 2:

Sparky 2a has been designed and built. We are able to continuously walk over ground,

walk up and down slopes and stairs, and walk forwards and backwards. See Figures
15, 16, and 17.

e . <

Figure 15: Subject is Walking over ground on a flat surface.

o el —

Figure 16: Subject is walking on an inclined surface where the angle is con's'tantly changing.
Two small batteries are carried at the waist.
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Shank Based Controller

In the phase 2, we developed a tibia based controller or a “shank based
controller.” Our goal was to develop a continuous based controller for walking. We
wanted to eliminate the need for state based control and heel strike sensors. In our
phase 1 research, if the heel strike sensor was not pressed, then the motor pattern was
not initiated. Also, the user can be tricked by a state based controller if each state is not
initiated in the correct pattern. Lastly, it is tricky to formally test a state based controller
because all of the different states must be tested in multiple scenarios. Testing 4 states
in 4 scenarios could lead to testing 4 to the power 4 cases which equals 256 trials.

We measured the shank angle in world coordinates for different stride lengths,
see Figure 18. Calculating the gait percent uniquely from this curve is not possible. For
example, the angle 0 degrees corresponds to approximately 35% and 88% of gait.
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Figurel8: Shank angle in world coordinates for different stride lengths.

We then decided to use phase angles which allowed for a unique one-to-one
correspondence between shank phase angle and gait percent. The phase plot is
constructed by plotting the shank angle versus shank angular velocity, see Figure 19.
In this way, each point in Figure 18 is matched to its corresponding angular velocity.
Continuous, oval shaped curves represent a particular gait cycle with a particular stride
length. As the stride length is increased, the ovals become larger.

For a particular phase curve, the polar angle, Phi, and the polar radius, r, can be

measured. In our analysis, the polar angle starts at 0 degrees, and the radius rotates in
a clockwise fashion.
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Figure 19: Phase plot of the shank angle versus shank angular velocity. The ovals become

larger as the stride length increases. For a particular phase curve, the polar angle, Phi, and the
polar radius, r can be measured.

The polar angle is measured as a function of gait percent and is shown in Figure
20. Two important results are shown. Firstly, for each polar angle, there exists one
unigue gait percent. Thus, if the polar angle is measured in real time on the robot, the
gait percent can be calculated. Secondly, the curve of polar angle versus gait percent is
invariant to the different stride lengths. We can then measure the polar angle and
determine gait percent uniquely regardless of the stride length.
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Figure 20: The polar angle is calculated as a function of gait percent. There is one unigue polar

angle for each gait percent. All of the curves lie on top of each other so that the polar angle is
invariant to stride length.
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To test our ability at calculating gait percent, a heel strike sensor and a rate gyro
were measured while a subject wore the robotic ankle. A straight, diagonal dashed-line
was drawn between heel strike sensors to determine a predicted gait percent. The gait
percent calculated from the polar angle was drawn using a solid-line. Our method was
able to calculate gait percent accurately, see Figure 21.
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Figure 21: Gait percent is calculated using the polar angle.

The polar radius from Figure 19 is used to calculate the stride length. There was
not a one-to-one function between polar radius and stride length. We used a look up
table to determine stride length. The polar radius and polar angle are measured and
then used to determine the stride length.

Polar Radius R

. ]
Gait Percent 0 Stridelength

Figure 22: The polar radius and gait percent are used to calculate stride length.
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Once the stride length and gait percent are determined, the speed of the user as
well as where they are in the gait pattern can be determined. We used these two
variables to determine the position of the motor. We used the robotic tendon analysis to
determine the deflection of the spring for each gait cycle corresponding to different
stride lengths. The deflection of the spring uniquely determines the motor position. We
then use a position controller to drive the screw to the correct position.

Nut Position

Gait % 00 Stride Length

Figure 23: The stride length and gait percent are used to determine the motor position.

In summary, we are developing a continuous based controller based on the phase
plot of the tibia angle. The phase angle determines gait percent regardless of stride
length. The polar radius is a measure of the stride length. The stride length and gait
percent determine the proximal position of the spring in the robotic tendon. We use a
simple position controller to adjust the proximal position of the spring.

In our lab, we are now using gait surfaces instead of gait curves.
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Key Research Accomplishments:

Our powered ankle devices include the following characteristics:

User has full range of sagittal ankle motion comparable to able-bodied gait. (23

degrees of plantar-flexion, 7 degrees of dorsiflexion.)

User has 100% of the required power for gait delivered at the correct time and
magnitude.

The peak output power is 3-4 times larger than the peak motor power allowing a

reduction in motor size and weight.

Provide the user the flexibility to easily remove and install the Robotic Tendon to
allow SPARKYy to be used as a “powered and computer controlled” prosthesis or
a “standard” keel and pylon prosthesis

Based on lightweight, energy storing springs

Allows a highly active amputee to regain high functionality and gait symmetry

A demonstration of a powered, transtibial prosthesis was performed on
November 2", 2007 at The Center for the Intrepid, Brooke Army Medical Center.

Phase 2:

Roller screw transmission was very robust and lightweight.
A compact microprocessor was developed.

Over ground walking was demonstrated.

Walking on inclines and declines was demonstrated.

Ascending and descending stairs was demonstrated.

SPARKY’s biggest advantage lies in the fact that we are storing energy in a spring
uniguely chosen for an individual. If one chooses the correct stiffness, the spring can be
adjusted by the motor to allow for a 3 to 4 times power amplification. Because we have
a large power amplification, we can use a small motor allowing a very large sized user
to walk slow or walk at a very fast pace. Currently, we are only using 55 Watts of a 150
Watt motor so that we can easily power large individuals and can power fast walking.

We are using a fully intact keel that will absorb the heel strike impact and allow for
correct rocker motion over the heel. The Robotic Tendon can be detached so that it can
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be easily removed reverting back to a standard, passive carbon fiber keel. This feature
can provide an alternative if the electronics fail in a field condition.

We are focused on developing the most durable, versatile, and powerful walk/run
prosthetic ankle that meets the goals of a highly functional Military amputee. Because
of our power amplification, we can easily walk very fast and have confidence in building
a jogging device.

Phase 3:

e Jogging was demonstrated on a treadmill at the United States Military Academy
at West Point

e Walking forwards and backwards was demonstrated.

e Walking over a rocky or grass surface was demonstrated.
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Reportable Outcomes

e Manuscripts
o two PhD dissertations,
0 one MS thesis
o0 eleven conference papers were published
o four journal paper were published

e Popular Press — multiple web pages and newspaper articles discussed research

National Geographic Magazine, Issue on The Bionic AGE, January 2010
Dean of Invention: Introducing the Age of Bionic Limbs, October 19, 2010

e Presentations — presented research at Dynamic Walking 2007, 2008, 2009, and
2011

e Demonstrations — Brooke Army Medical Center, Center for the Intrepid,
November 2007, October 22, 2009

Joseph Hitt Mechanical Engineering Graduated May. 2008.
Dissertation: A Robotic Transtibial Prosthesis with Regenerative Kinetics

Ryan Bellman Mechanical Engineering Graduated August 2008.
Mechanical and Conceptual Design of a Robotic Transtibial Prosthesis

Matthew Holgate Mechanical Engineering Graduated Dec. 20009.
Dissertation: Control of a Robotic Transtibial Prosthesis

Guest Editor

1. Vanderborght, B.; Sugar, T.; Lefeber, D., “Adaptable compliance or variable stiffness
for robotic applications [From the Guest Editors]”, IEEE Robotics & Automation
Magazine, vol. 15, Issue: 3, pp 8-9, 2008.

Guest paper

2. Exciting Benefits of Powered Prosthetic Systems, Lt. Col. Joseph K. Hitt, PhD; Kevin
Hollander, PhD; and Thomas Sugar, PhD, The O&P EDGE, October 2010

Keynote Speaker

Keynote Speaker for the SPIE EAPAD conference, March 7, 2011 “Walking with
Springs”

Keynote Speaker, Darmstadt, Germany: Proceedings of SIMPAR 2010 Workshops, Intl.
Conf. on SIMULATION, MODELING and PROGRAMMING for AUTONOMOUS
ROBOTS Darmstadt (Germany) November 15-16, 2010
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Conclusion

Significant advances have been achieved towards creating a computer-controlled,
powered transtibial prosthesis that can actively support a user in their normal
environment and conditions. Low power, high energy consumption, and sophisticated
control methodology are key challenges towards realizing a smart, powered prosthesis.
In Phase 1, the SPARKYy project was able to develop a prosthesis that could supply high
peak power to the user at push off in a light weight and energy efficient device.

The key outcomes included:

1. the user has full range of sagittal ankle motion comparable to able-bodied
gait. (23 degrees of plantar-flexion, 7 degrees of dorsiflexion, and

2. the user has 100% of the required power for gait delivered at the correct time
and magnitude.

The device provides the user 100% of the ankle power and ankle joint movement
similar to able-bodied gait. This unique device is one of the most powerful and efficient
devices of its kind.

The analyses and test data show that the motor power can be amplified to provide
the user 100% of the required power. We showed a power amplification of the output
power compared to the input power of 3 to 4 times. This power amplification allows the
downsizing of the actuator to a portable level. For example, a small 150 W motor in
combination with a transmission and spring provides 200 W to 400 W during testing.
This size and weight of the system is to a level that is comfortably portable to the user
while powerful enough to support an 80 kg subject up to his maximum walking speed of
1.8 m/s (4 mph). The data suggests that there is enough power available to support
even larger users at such speeds.

In Phase 2, the SPARKY project developed a very lightweight prosthesis that was
used in over ground walking. The roller screw design was very successful because it
provided a very robust and lightweight transmission. We ported all of the code to a
dsPIC 33 microprocessor. Finally, this project exceeded our expectations in terms of
the device performance. Our new control methodology and embedded microprocessor
control allowed our Phase 2 device to move from the laboratory to the unstructured and
highly dynamic environments that include stairs, inclines/declines and over ground
walking.

In Phase 3, the SPARKYy project developed a prosthesis that was able to allow a
user to jog on a treadmill. We also demonstrated that the prosthesis could be used
while walking on grass and rocky surfaces. A very functional robotic ankle was
developed by the end of Phase 3; we demonstrated jogging, walking, walking over
unstructured terrain, walking forwards and backwards, and walking up and down slopes
and stairs.

The team would like to thank the support of Military Amputee Research Program and
the help from our test subjects.
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Walking with Springs

Thomas G. Sugar**, Kevin W. Hollander®, Joseph K. Hitt®
*Arizona State University, 7231 E. Sonoran Arroyo Mall, Mesa, AZ, USA 85212;
bSpringActive, Inc, 2039 E Cedar Street, Suite 101, Tempe, AZ 85281;
‘United States Military Academy, Dept. of Civil and Mechanical Engineering, West Point, NY

ABSTRACT

Developing bionic ankles poses great challenges due to the large moment, power, and energy that are required at the
ankle. Researchers have added springs in series with a motor to reduce the peak power and energy requirements of a
robotic ankle. We developed a “robotic tendon” that reduces the peak power by altering the required motor speed. By
changing the required speed, the spring acts as a “load variable transmission.” If a simple motor/gearbox solution is
used, one walking step would require 38.8J and a peak motor power of 257 W. Using an optimized robotic tendon, the
energy required is 21.2 J and the peak motor power is reduced to 96.6 W. We show that adding a passive spring in
parallel with the robotic tendon reduces peak loads but the power and energy increase. Adding a passive spring in series
with the robotic tendon reduces the energy requirements. We have built a prosthetic ankle SPARKYy, Spring Ankle with
Regenerative Kinetics, that allows a user to walk forwards, backwards, ascend and descend stairs, walk up and down
slopes as well as jog.

Keywords: prosthetic ankle, spring, power, energy

1. INTRODUCTION

Within the US there are approximately 1.8 million people who have suffered limb loss, with about 100,000 new cases
each year. Of those people affected, approximately 80% are lower limb amputees. Robotic technology offers great hope
and promise to individuals coping with the lost functionality of a missing limb. Until recently, robotic technology for
amputees has been limited, but functional, powered, walking-assistance devices have just begun to emerge.

Our mission is to develop a new generation of powered orthotic/prosthetic devices based on lightweight, energy storing
springs that will create a natural, more functional gait. Very few researchers are addressing powered wearable robotic
systems because they pose many crucial engineering challenges '”. They must be lightweight, safe, compliant, and
powerful, but also energy efficient. Engineers have struggled to meet all of these functional requirements in a single
device. For example, the ankle poses a particularly difficult set of design parameters, including a very large power
requirement (257W for an 80kg person) in addition to a very high cycle life (3 — 5 thousand steps daily translating to 44
to 73 million revolutions per year on our motor system).

Direct drive electric, hydraulic, and pneumatic systems have been proposed, but they are heavy ™ °. In contrast, we
propose a radically different approach by storing and releasing energy in springs ** '"*. A spring can have power to
weight ratios of 300,000 W/kg versus 300 W/kg for DC motors. A small, lightweight, low power motor is used to adjust
the position of the spring. A heavy, powerful motor is not necessary because it is not the “actuator”. The actuator is a
spring tuned and adjusted for an individual. Our robotic systems are a combination of safe, lightweight motors and
powerful, compliant, energy storing helical springs.

The robotic tendon actuator is based on a helical spring that has shown significant results in supplying large power
spikes using a low power motor * > '*. Additionally, this actuator is optimized through the use of a unique, customized
spring for each subject.

In section 2, a mathematical description of a lead screw actuator and a robotic tendon actuator will be presented. The
main difference is that the varying load changes the input motor speed and input power in the robotic tendon actuator. In
section 3, a description of the ankle position, moment and power during gait will be described. In section 4, models of
the robotic tendon actuator with additional springs will be optimized to minimize input motor energy and a reduction of
peak power.

*a. thomas.sugar@asu.edu; phone 1 480-727-1127; Human Machine Integration Laboratory



2. DESCRIPTION OF A ROBOTIC TENDON ACTUATOR

In a bionic ankle, an actuator system must convert the motor angular velocity and torque into a linear velocity and force.
A standard lead screw model will be described first which will be used to highlight a motor/gearbox transmission. The
robotic tendon actuator system will then be described which adds an additional spring at the end of the nut. In this
system, the spring alters the input velocity and power.

2.1 Standard Model of a Lead/Ball Screw Actuator

In a lead screw or ball screw model, the motor rotates moving the nut position, », inward and outward, Figure 1. To
simplify the analysis, friction is not modeled. The output position, x, and force, F, describe the required movement and
force to move the ankle during gait. In our research, standard gait data "° is used to determine x and F.

£
L 4

a (offset)

r (input posit

E—
F (external force)

X (output position)

Figure 1. In a lead/ball screw model, the motor turns moving a nut inward or outward adjusting, . The external
force, F, and position, x, describe the desired outputs. The offset distance, a, is fixed.

In a quasi static analysis, the external force determines the toque on the lead screw where / describes the lead:

— ()
2r
The input position, r, is determined by the number of revolutions, n, that the motor spins and the lead, /:
r=I[L-n )
The output position, x, is determined by » and the constant offset a:
xX=r+a 3)
The input velocity is given by differentiating (2) and assuming the lead, /, is fixed:
F=1n )
The output velocity is given by differentiating (3):
X=r )
The motor angular velocity is given by:
w=0=27-n
2 - ¥ (6)

0=

/

The input power is determined by multiplying the input torque and angular velocity. In this simple case, the input power
equals the output power. The lead, /, can be used to adjust the motor speed and torque to fit the motor operating
specifications. Typically a gearbox and a small lead are both needed to achieve the slow speeds and high torques needed



at the ankle. The problem with this method is that a large motor and gearbox combination is needed ' '°. To be
consistent with the standard gait literature, the power curves will be inverted and a negative sign is added.

0=—-F-F=—F-x 7)
2.2 Model of a Robotic Tendon Actuator

In a robotic tendon model, the motor rotates moving the nut position, », inward and outward, Figure 2. The output
position, x, and force, F, describe the required movement and force to move the ankle during gait. In this model, a
spring with stiffness, K, is placed between the nut and the external force. The spring is a buffer which can store and
release energy altering the power relationships.

a (free length) < .
r (input position) A |

F (external force)

X (output position)

Figure 2. In a robotic tendon model, the motor turns moving a nut inward or outward adjusting, ». The external
force, F, and position, x, describe the desired outputs. A spring is placed in between the nut and the external force.
The free length of the spring is given by, a.

In a quasi static analysis ignoring friction, the external force determines the torque on the lead screw where / describes
the lead. Ignoring acceleration or inertia at the output position by assuming they are both small, the external force is
balanced by the spring force. We have modeled inertias in a separate model °.

Fl ®
T=—
2
F=K(x-r—a) 9)
The input position, r, is determined by the number of revolutions, n, that the motor spins and the lead, /:
r=Il-n (10)
The output position, x, is determined by r, F, and the constant offset a:
F
XxX=r+a+— (11
K
The input velocity is given by differentiating (10) and assuming the lead, /, is fixed:
r=I[-n (12)
The output velocity is given by differentiating (11) assuming the spring stiffness is constant:
. . F
X=r+ E
. (13)
F

F=i-—



The motor angular velocity is given by:

w=0=2rn

. 27 2m,. F (14)
e )

[ / K
The input power is determined by multiplying the input torque and angular velocity. In this case, the input power does
not equal the output power. To be consistent with the standard gait literature, the power curves will be inverted and a

negative sign is added.

. F
@=—F -7=-F-(x—— 15
4 4 (== (15)

The term can increase or decrease the required input power. In the specific case for analyzing ankle gait, the

maximum peak motor power and motor angular velocity are both reduced. The spring stores braking energy releasing it
when needed. Because of the ability of the spring to store energy, the total input energy is kept to a minimum. This
term corresponds to the storage of “translational potential energy.”

It is interesting to note that the input speed shown in equation (14) is not only a function of the lead, /, but also the
changing force. The slope of the external force or the slope of the load curve can speed up or slow down the required
motor speed. In this sense, the spring acts as a “load variable transmission.” In our work "7, we have been studying a
dynamic stiffness defined by:

K:E_ (16)
X

3. GAIT

Gait is the term used to describe the locomotion of legged animals. Gait is a recurring pattern of leg and foot movements,
rotations, and torques. Due to its repetitive nature, the discussion of gait is done in terms of percentages of a gait cycle.
A gait cycle is defined for a single leg and begins with the initial contact of the foot with the ground or ‘heel strike’, the
conclusion of a cycle occurs as the same foot makes a second ‘heel strike’. The end of one gait cycle is of course the
beginning of another. The input motions are typically determined using a motion capture system and the torques are
derived using an inverse dynamics calculation. The ankle gait data is digitized from Whittle °.

The ankle position is shown in Figure 3. Initially after heel strike, the ankle plantarflexes or moves downward. After
the foot is flat on the ground, the shank then rolls over the ankle, i.e. dorsiflexing. During this period, the spring in the
robotic tendon stores energy. At 40% of the gait cycle, the foot rapidly plantarflexes , which propels the person forward.
During powered push-off or powered plantarflexion the moments and angular speeds are high. In this phase of gait, the
spring releases its energy aiding in push-off. At 60% of the gait cycle, the toe comes off of the ground and the ankle
rapidly dorsiflexes to insure that the toe does not touch or skid on the ground during the next phase of gait. From 60% to
100% of the gait cycle, the foot is in the air during the swing phase. During this phase of gait the ankle moments are
low.

The ankle moment is shown in Figure 4. The ankle moment data was scaled for an 80kg person. At 40% of the gait
cycle, the moment is at its peak just as the angular velocity begins to increase rapidly. The combination of high forces
and high velocities means that large powers are experienced in this region of the gait cycle, see Figure 5.

Figure 5 shows both positive and negative powers developed during a typical gait cycle. Utilizing a robot to aid in gait,
sometimes the robot needs to aid the user (positive power) and sometimes for support the robot needs to resist the user
(negative power) and in either case the robot is putting energy into the system. A tuned, spring-based system allows for a
well timed energy storage when resisting the user and energy release when assisting the user.



10

5 Py
- / 20 40 \ 60 /!g 100 20
o
§ 51 e
L/
10
: L/
E 15 \ /
-20 \/
-25
-30
Gait Percent (%)
Figure 3. The ankle position in degrees as a percent of the gait cycle.
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Figure 5. Ankle power as a percentage of the gait cycle, assumes a 0.8 Hz gait frequency.




4. SIMULATIONS

In this section, three scenarios of spring placement were modeled; 1) our typical robotic tendon configuration, with
multiple spring stiffness choices, 2) a robotic tendon including a parallel spring and 3) a robotic tendon including a
spring in series with the ankle joint.

4.1 Simulation of the Robotic Tendon model using gait data

In the ideal case (i.e. no friction) for one walking condition (Model 1 in Table 1), if one was to assume that energy can
be stored and released properly, the peak motor power is 257.6 W and the energy required for each step is 19.4 J. In this
ideal case, all of the braking energy is stored and used in push-off. We assumed an 80kg subject and the gait cycle
duration is 1.25 seconds. The area underneath the power curve in Figure 5 is integrated to determine 19.4 J.

Table 1. Different springs are modeled to determine the required peak motor power and energy

Model | Spring Stiffness | Peak Motor Power Input Motor Energy Optimization Criteria

1 257.6 W 1947 Ideal Case

2 infinite 257.6 W 3881 Lead Screw Model with no additional
spring

3 53,224 N/m 96.6 W 21.21] Robotic Tendon spring is optimized to

reduce the peak power of the motor

4 43,658 N/m 106.9 W 22.11] Robotic Tendon spring is optimized to
reduce the peak power of the motor to
zero at push-off

5 51,627 N/m 97.9 W 21.21] Robotic Tendon spring is optimized to
reduce the required input energy of the
motor

A mechanical system based on the lead screw model is not adequate because peak power and energy required are both
very high (Model 2 in Table 1). If a lead/ball screw system assuming 100% efficiency is used, the peak motor power
equals 257.6 W and the energy equals 38.8 J. The energy is much larger because a motor must resist the load as the
shank rolls over the ankle and must provide the push-off energy to propel the person forward. In this simulation, the
absolute value of the input power was integrated to determine the 38.8 J.

Using a tuned spring in the simulation of the robotic tendon model (Model 3 in Table 1), the peak power and energy are
both reduced. The peak input power is reduced to 96.6 W and the integration of the absolute value of the input power
equals 21.2 J. This is a remarkable reduction in peak power and a large energy savings. In the model, the spring is
optimized to reduce peak power. The spring stiffness is 53,224 N/m and a lever arm at the ankle is assumed to be 0.07
m. In Figure 6, the peak motor power is reduced and the spring supplies much of the push-off power.

The input power is drastically reduced because the motor velocity is reduced with the addition of the spring. In Figure 7,
the velocity of the motor is shown for two cases. If there is a tuned spring, the velocity of the motor is low during 40-
60% of the gait cycle. During the swing phase because the derivative of the force is close to zero, the velocity of the
motor matches the lead screw model. If a spring is eliminated, the velocity of the motor must match the velocity of the
gait cycle.

In Figure 8, the input position, 7, and the output position, x, are determined from the gait data (equation 13). The
deflection of the spring in the robotic tendon is determined by the desired force, F’ and the spring stiffness K (equation
9).

The robotic tendon actuator has been used to power our SPARKy prosthetic ankle * > '® '8 In Figure 9, the actual motor
power and output power at the spring were determined as the user walked on a treadmill.
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Figure 6. The spring power and the input power add together to match the output gait power.
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Figure 7. In the lead screw model without a spring, the velocity of the motor is determined by the ankle motion.
In the robotic tendon model, the velocity of the motor is lowered during the push off phase of gait (40-60% of the
cycle). More importantly, the motor does not change directions under high loads, see dashed oval.
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Figure 8. The output position, x, is determined by the gait data. The input position of the robotic tendon is
determined by the position x, the desired force, F, and the spring stiffness K. The deflection of the spring in the
robotic tendon is determined by the desired force, F and the spring stiffness K.

250

200

L | Power Amplification

T T

P, (peskd) /Py, (peald 41

P, (Mean, Actual)

Standard Deviation

P

=

1 1 1 +
50 100 150 200 250
Time Step

Figure 9. A robotic tendon actuator was used to power a prosthetic ankle. A powered push-off was achieved at
225 W with a 55 W peak motor power *. Pm (model) is the simulated power required by the motor. Pm (actual) is
the mechanical power at the motor in the SPARKYy ankle. Po (Model) is the output power required from published
gait data. Po (actual) is the output power at the spring in the SPARKYy ankle.

In a second example (Model 4 in Table 1), using the robotic tendon model, a spring can be optimized to reduce the push-
off power at 49% of the gait cycle to zero, Figure 10. In this example choosing a spring stiffness of 43,658 N/m, the
peak power increases to 106.9 W and the energy increases to 22.1 J. In this case, the spring is doing the work during
push-off.

In a third example (Model 5 in Table 1), stiffness can be chosen to minimize energy. In this example choosing a
stiffness of 51,627 N/m, the peak power is 97.9 W and the energy needed per step is reduced to 21.2 J. The energy in
this case is just slightly lower than in Model 3 in Table 1.
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Figure 10. The robotic tendon model can be optimized so that the input power at 49% of the gait cycle is zero. In
this example, energy is stored early in the spring so that it provides the push off power.

4.2 Simulation of the Robotic Tendon model with an additional parallel spring

A passive spring can be added in parallel to the robotic tendon to add an additional load path, Figure 11. The additional
spring will lower the forces needed at the robotic tendon. In this model, the parallel spring can only be pushed and
cannot be pulled. Thus, this spring will aid in reducing the forces during dorsiflexion at the peak loads from 35 to 48%
of the gait cycle.

F

external

=F

gait

- Kparallelx (l 7)

An additional parallel spring can be added to the model (Model 1 in Table 2). The maximum force is reduced from 1462
N to 1351 N. This will reduce the peak loads on the actuator. On the other hand, the peak power increases to 137.6 W
and the energy increases to 22.0J, Figure 12. In this model, the robotic tendon stiffness is 51,627 N/m and the parallel
spring stiffness is 14000 N/m. The problem is that the actuator must work against the parallel spring in the swing phase,
Figures 13 and 14.

Table 2. A robotic tendon and an additional parallel spring are modeled to determine the required peak motor power and
energy

Model | Spring Stiffness | Peak Motor Power Input Motor Energy Optimization Criteria

1 51,627 N/m and | 137.6 W 220171 A parallel spring is added to reduce the
14,000 N/m peak forces on the robotic tendon
2 51,627 N/m and | 106.8 W 21417 A parallel spring is added to reduce the
3,991 N/m peak forces on the robotic tendon by a
small amount.
3 51,627 N/m and | 106.8 W 21.217] A parallel spring is added to reduce the
3,991 N/m peak forces on the robotic tendon. The

parallel spring is only functional during
the stance phase of gait.




a (free length)
K, spring

r (input position)

§ F (external force)
X (output position) %////////////%g

AT

K, parallel spring

Figure 11. A parallel spring is added to reduce the loads during dorsiflexion (when the ankle position is greater
than zero). The spring can only be compressed and cannot be pulled.

In a second example (Model 2 in Table 2), the robotic tendon stiffness is 51,627 N/m and the parallel spring stiffness is
3991 N/m. In this example the energy is reduced to 21.4 J and the peak power is reduced to 106.8 W. With the energy
savings, there is a cost. The maximum force is only reduced from 1462 N to 1431 N.

In a third example (Model 3 in Table 2), a passive parallel spring is added only during the stance phase of gait. It could
be imagined that a latch is activated when the foot is on the ground. In this example, the stiffness parameters are the
same as in Model 2 in Table 2. The peak power remains at 106.8 W but the energy is reduced to 21.2 J.
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Figure 12. With the addition of a parallel spring the peak motor power does increase to 137.6 W.
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Figure 13. The motor velocity with the two springs is reduced during the stance phase but the velocity slightly
increases during the swing phase because the motor must push against the parallel spring.
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Figure 14. Additional parallel spring model. The motor position, , and the deflection of the robotic tendon spring
are shown. During the later part of the swing phase, 80-100%, the robotic tendon must push against the parallel

spring.
4.3 Simulation of the Robotic Tendon model with an additional series spring

A passive spring can be added in series to the robotic tendon to reduce the overall stiffness, Figure 15. The additional
spring will lower the stiffness of the entire system when the foot is on the ground. In this model, a spring is added to the
forefoot of the shoe to act in series with the system from 8 to 41% of the gait cycle. Thus, this spring will aid in reducing
the needed motion of the actuator from 8 to 41% of the gait cycle. The movement of the robotic tendon motor is reduced
because the series spring will stretch or deform under load.

F..
gait (18)

series

In this example, the robotic tendon stiffness is 51,627 N/m and a series spring is added underneath the ball of the foot
with a stiffness value of 877,760 N/m (Model 1 in Table 3). The peak power is 97.9 W and the energy is reduced to 20.1



J, Figure 16. Using a series spring, there was a reduction of 1.1 J as compared to the other cases. One joule might not
seem significant but over 3000 to 5000 steps per day, it will add up. The velocity and position of the robotic tendon
motor are shown in Figures 17 and 18.

Table 3. A robotic tendon and an additional series spring are modeled to determine the required peak motor power and
energy

Model | Spring Stiffness | Peak Motor Power Input Motor Energy Optimization Criteria
1 51,627 N/m and | 979 W 20.17J A series spring is added to the robotic
877,760 N/m tendon to reduce the required input
energy of the motor.

a (free length) K, spring

P

N
4

X (output position)

r (input position)

F (external force)

K, series spring

Figure 15 A series spring is added to reduce the stiffness when the forefoot is on the ground. The spring only acts
when the foot is on the ground. For example, a spring mounted under the ball of the foot can be thought of as a
series spring reducing the stiffness of the Achilles tendon.
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Figure 16. The input power is reduced significantly at the start of push off, 40% of the gait. At this point, the
series spring releases its energy and the overall stiffness increases from 48,759 to 51,627.
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Figure 17. The velocity of the motor using a series spring and a robotic tendon is reduced at 40% of the gait cycle.
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Figure 18. The motor position, r, is shown with a discontinuity when the system increases stiffness at 40% of the
gait cycle.

We have been actively studying actuators that can change stiffness and developed a Jack Spring actuator °. 1In this
actuator, the spring is used as a lead screw and the motor adds and subtracts coils of the spring. As more coils are added,
the stiffness is reduced and vice versa. Changing stiffness is not always beneficial because the input velocity is altered
when K varies. If one were to build a robotic tendon actuator that can change stiffness as well as change the input
position of the spring, the input velocity will be different than equation (13). In this new case, a third term is added.

F=Xx- il + FK (19)
K K’
The input power becomes:
FF F’K
(20)

Fi=Fi——+-—
K K



5. PROTOTYPE ANKLE

Figure 19. Using a robotic tendon actuator, a user is able to walk over ground, walk up and down inclines, and
ascend and descend stairs.

Our research has been able to show the following characteristics. The user has full range of sagittal ankle motion
comparable to able-bodied gait (23 degrees of plantarflexion and 7 degrees of dorsiflexion.) They have 100% of the
required power for gait delivered at the correct time and magnitude. The peak output power is 3-4 times larger than the
peak motor power allowing a reduction in motor size and weight *°. The design provides the user the flexibility to
easily remove and install the Robotic Tendon to allow SPARKYy to be used as a “powered and computer controlled”
prosthesis or a “standard” keel and pylon prosthesis.

In our second year, a roller screw transmission was purchased that is very robust and lightweight. The system is
completely portable allowing the user to walk over ground, Figure 19 22!,

SPARKY’s biggest advantage lies in the fact that we are storing energy in a spring uniquely chosen for an individual. If
one chooses the correct stiffness, the spring can be adjusted by the motor to allow for a 3 to 4 times power amplification.
Because we have a large power amplification, we can use a small motor allowing a user to walk. Currently, we are only
using 55 Watts of a 150 Watt motor so that we can easily power large individuals and can power fast walking.

We are focused on developing the most durable, versatile, and powerful walk/run prosthetic ankle that meets the goals of
a highly functional Military amputee. Because of our power amplification, we can easily walk very fast and have
confidence in building a jogging device '*.

6. CONCLUSIONS

Significant advances have been achieved towards creating a computer-controlled, powered transtibial prosthesis that can
actively support a user in their normal environment and conditions. Low power, high energy consumption, and
sophisticated control methodology are key challenges towards realizing a smart, powered prosthesis. The SPARKy
project was able to develop a prosthesis that can supply high peak power to the user at push-off in a light weight and
energy efficient device.

The analyses and test data show that the motor power can be amplified to provide the user 100% of the required power.
We showed a power amplification of the output power compared to the input power of 3 to 4 times. This power
amplification allows the downsizing of the actuator to a portable level. For example, a small 150 W motor in
combination with a transmission and spring provides 200 W to 400 W during testing. This size and weight of the system
is to a level that is comfortably portable to the user while powerful enough to support an 80 kg subject up to his
maximum walking speed of 1.8 m/s (4 mph). We show that adding a passive spring in parallel to the robotic tendon
reduces peak loads but both the power and energy increase. Adding a passive spring in series to the robotic tendon
reduces the energy requirements.

The SPARKYy project developed a very lightweight prosthesis that is used in over ground walking. Our new control
methodology and embedded microprocessor control allows the device to move from the laboratory to the unstructured
and highly dynamic environments that include stairs, inclines/declines, and over ground walking.
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Using the Translational Potential Energy of Springs for Prosthetic
Systems

Jeffrey A. Ward, Thomas G. Sugdember, IEEE, and Kevin W. Hollander
Special SessioriRobotics in Medicine - Advances and Challenges”

Abstract—A robotic tendon is modeled and the stiffness of the kinematics and kinetics applying the actuator to a bionic
spring is tuned so that the spring power reduces the peak motor ankle. In the last section, we study “dynamic stiffness” which

power and energy required for ankle gait. When determining  allows the input velocity of the actuator to be constant. We

stiffness f_rom_ga_lt literature, it is usually assum_ed t_hat one s!de implemented the control scheme on a powered ankle foot
of the spring is fixed. We assume that the spring is translating . .
orthosis and describe the results.

to derive a second method to calculate stiffness.
By choosing a tuned spring based on a “dynamic stiffness”,
the motor velocity was shown to be constant during the loading Il. MODEL OF AROBOTIC TENDON

phase of ankle gait. We simulated this system and showed that |n a robotic tendon model, the motor rotates moving the
energy was reduced anq peak power was dramatlcally reduced. nut position,r, inward and outward, Fig. 1. The output
The constant velocity controller was implemented on a ,,qiion  and force,F, describe the required movement
powered ankle foot orthosis and test data was correlated with . h . .
the simulation. and force to move the ankle during gait. A spring with
stiffness K, is placed between the nut and the external force.
The spring is a buffer which can store and release energy
O NE of the key challenges in wearable robotic systenstering the power relationships. In our case, the spring
is the ability to supply high power with low energy in adeflection is determined by the relative position between
very lightweight actuator. Sometimes wearable exoskeletoasdr.
must behave in a soft and compliant manner and sometimes<

I. INTRODUCTION

they must behave in a stiff and rigid manner. The human -

body can effortlessly switch between a fast rigid position a (free length)

control scheme and a soft compliant, force control scheme K, spring
Researchers including us have developed actuators such i ¢ r (input position)

the series elastic actuator [1] and the robotic tendon actuata — ‘/

[2-6]. We also developed a Jack Spring actuator [7, 8] thal N\%/////// SN

uses a spring as a lead screw to dynamically adjust stiffness F (external force)
Exoskeletons designed for gait are being developed [9-11].
In this paper, we focus on one method that the humar & X {output position)
could use to control the power and energy at a joint. WRO- 1. In a rot_)otic tendon model, the motor turns_moving a nut inward or
nypothesize that the human cortrols muscleftendon sprirffQr SAusirar, Tne exteral frcd, and postion descrbe e
to achieve high power when needed and to store and relegsg. The free length of the spring is given ay,
energy. Instead of focusing on a spring that is fixed on one , , o . .
side, we focus on springs that translate and the relativel" @ quaS|_stat|c analysis ignoring friction, the external
velocity between the input and output sides of the spriﬁe rce.determlnes the torqu.e on t.he lead _Screw where
determines the power and energy storage. Instead cn_bes the lead. Assurr_nng an ideal spring, the external
focusing on the relationship between force and veIocilf>9rCe is balanced by the spring force.
(impedance control), we focus on the relationship betwe%n:i
the derivative of force and velocity. 27T )
In the first section, we derive our robotic tendon model [4F = K(x-r -a)
5] to emphasize the input and output power of a spring based (2)
actuator. In the next section, we study the ankle gait The input position,, is determined by the number of
revolutions,n, that the motor spins and the lead,
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'?'elemedicine and Advaﬁced Technologpresearch Center. The output positiony, Is determined by’ F, and the
Jeffrey A. Ward is with SpringActive Inc., Tempe, AZ 88281 USA constant offsea:
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F dynamic stiffness defined by:
X=r+a+— F
K (4) =_
The input velocity is given by differentiating (3) and X (10)
assuming the lead, |, is fixed: In an ideal case, the input velocity would be zero if

The output velocity is given by differentiating (4) (X—E)=Oat all points during the gait cycle. In the

assuming the spring stiffness is constant: . " .
g' pring actual ankle gait cycle, positive work is performed so that

=T +E this term will not always equal 0. It is interesting to study
K the dynamic stiffness to determine if a simple controller can
= be designed.
r :X_E ll. ANKLE GAIT DATA
. Gait is the term used to describe the locomotion of legged
X—F = E animals. Gait is a recurring pattern of leg and foot
K (6) movements, rotations, and torques. Due to its repetitive
The relative velocity between the ends of the springature, the discussion of gait is done in terms of percentages
determines the power stored in the spring. of a gait cycle. A gait cycle is defined for a single leg and
The spring power is defined: begins with the initial contact of the foot with the ground or

. ‘heel strike’, the conclusion of a cycle occurs as the same
F [F ‘ 4o :
- (7) foot makes a second ‘heel strike’. The end of one gait cycle
K is of course the beginning of another. The input motions are
The spring power is defined for a translating spring whetgpically determined using a motion capture system and the
both ends are moving. This term is not found in commaorques are derived using an inverse dynamics calculation.
textbooks because it is usually assumed that one side of T ankle gait data used in our analysis has been digitized

spring is fixed. from Whittle [13].
The motor angular velocity is given by: The ankle position is shown in Fig. 2. Initially after heel
w=8 =2 strike, the ankle plantarflexes or moves downward. After the
. foot is flat on the ground, the shank then rolls over the ankle,
Q= 2rr(¥ — 2_77()( _E) i.e. dorsiflexing. During this period, the spring in the robotic

I | K 8) tendon stores energy. At 40% of the gait cycle, the foot
The input power is determined by multiplying the inpu{apidly plantarflexes, which propels the person forward.

torque and angular velocity. In this model, the input pOWQuring powzred DIUSh'Oﬁ gr povx;e_rt;d pIaE_tarfIExion ]Ehe )
does not equal the output power. To be consistent with {fgments and angular speeds are high. In this phase of gait,

standard gait literature, the power curves will be inverted aﬁ*&e sp_ring releases its energy aiding in push-off. At 60% of
a negative sign is added. the gait cycle, the toe comes off of the ground and the ankle

rapidly dorsiflexes to insure that the toe does not touch or
0=-FF =-F HX—E) skid on the ground during the next phase of gait. From 60%
K (9) to 100% of the gait cycle, the foot is in the air during the

swing phase. During this phase of gait the ankle moments

The spring power can increase or decrease the requifd§ oW _ o
input power. In the specific case for analyzing ankle gait, | "€ @nkle moment is shown in Fig. 3. The ankle moment
the maximum peak motor power and motor angular velocifipta was scaled for an 80kg person. At 40% of the gait
are both reduced. The spring stores braking energy releasi(gle: the moment is at its peak just as the angular velocity

it when needed. Because of the ability of the spring to stdP€9ins to increase rapidly. The combination of high forces
energy, the total input energy is kept to a minimum. Thnd high velocities means that large powers are experienced

term corresponds to the storage of “translational potentig) this region of the gait cycle, see Fig. 4.
energy.” Fig. 4 shows both positive and negative powers developed

It is interesting to note that the input speéd, shown in during_ a typical gait cycle. UtiIizi_ng a robot to ai_d_ in gait,
(6) is not only a function of the leald,but also the changing sometimes the robot needs to aid the user (positive power)

force. The slope of the external force or the slope of the IoEHd sometimes for support the robot needs to resist the user

curve can speed up or slow down the required motor spe %ggatlvg tpO\t/;/]er) antd n lelther casiz thetr:obot S putttlng
In this sense, the spring acts as a “load variabfg'€r9y Into the system. In our system, the spring slores

transmission.” In our work [12], we have been studying gnergy when resisting the user and energy is released when

assisting the user.
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Fig. 2. Ankle angle as a percentage of the gait cycle. If the foot moves i?a

downward direction, it is plantarflexed and if the foot moves in an upwal c{.g' 5. The slope of the fo“"f‘ versus deflfacnon curve is used to determine
motion, it is dorsiflexed. stiffness. The force and position are derived from the moment and ankle

position curves using a 0.07 m lever arm.

120 In a second method, the stiffness can be determined from
100 -~ (10). This method can be more relevant because the spring
& / \ is not fixed but is moving relative to a fixed point. The
s / \ dynamic stiffness is calculated for every point in the gait
i— &0 / \ cycle and is shown in Fig. 6. In this case, the stiffness values
E are not as large and are not negative between 10 and 20% of
* / \ the gait cycle.
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Fig. 3. The moment at the ankle as a percentage of the gait cycle. “ -
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to calculate F/x. A second method to calculate stiffness is to determine the
In one of the simulations, we

-100 ratio of the derivative of force vs. velocity.
Gait Percent (%)

use a fixed tendon stiffness of 48,587 N/m which matches the dynamic
Fig. 4. The power at the ankle assuming a 0.8 Hz cycle and an 80 #iffness at 15% and 50% of the gait cycle.

subject.

A more interesting question arises, “Is there a relationship

IV. DETERMINING THEANKLE STIFFNESS between velocity,X, and the slope of the external force?”

It would seem that the stiffness at the ankle joint should b@ this case, the impedance, which relates the velocity to the
simple to calculate, but two different methods to calculaférce, is not interesting. The relationship between velocity
stiffness will be analyzed. In gait literature, the slope of th@nd the derivative of force is shown in Fig. 7. Data points
force/position curve is used to determine the stiffness, Fig. ®1ly during the loading phase of stance, 9% to 60% of the
For example, K is determined by the common Hooke's La@Ait cycle are used for the fit. A linear fit captures 96% of

relationship. the variance.
= : N N
F=Kix F = 485872 (k+ 17506
The stiffness is calculated at every point in the gait cycle m S (12)

using (11) and is shown in Fig. 6. The stiffness swingphe offset determines the speed that the motor must travel.

between very large negative and positive values.

If the offset was zero, then the input power would be zero.



19206 forward. In this simulation, the absolute value of the power
i curve in Fig. 4 was integrated to determine 38.8 J.
5600 //“ Using a tuned spring in the simulation of the robotic
///ég; tendon model, the peak power and energy are both reduced.
0 - The peak input power is reduced to 96.6 W and the
- integration of the absolute value of the input power equals

/ 5600 21.2 J. This is a remarkable reduction in peak power and a

fdot (N/s)

large energy savings. In the model, the spring is optimized
(7/ 1oc80 to reduce peak power. The spring stiffness is 53,224 N/m

and a lever arm at the ankle is assumed to be 0.07 m. In Fig.
L 9, the peak motor power is reduced and the spring supplies

xdot {m/s)

Fig. 7. The derivative of the force versus velocity. The relationship is usEaUCh O_f the pUSh'Of_f power_.
to determine a dynamic stiffness. The input power is drastically reduced because the motor

Fig 8. shows the ankle position curve and ankle foraeelocity is reduced with the addition of the spring. In Fig.

curve during the loading phase of gait. The slopes of ea,t1:ﬂ’ the velocity of the motor is shown for two cases. If there

curve are similar. There is a gradual upward slope from 9 i@ tuned spring, the velocity of the motor is low during 40-
43% of the gait cycle for the force and a sharp downwafiP% Of the gait cycle. During the swing phase because the
slope from 46 to 60% of the gait cycle. The ankle positioﬂe”"at've of the force_ is close to zero, the velocity of the
has a gradual upward slope from 9 to 42% of the gait cy(,’l%Otor matches thg gait data. If a spring is not added .to the
and then a sharp downward slope from 45% to 60% of tff¥stem, the velocity of the motor must match the velocity of

gait cycle. A tendon stiffness of 48,587 N/m is shown in Fighe gaitcycle. N -
6. In Fig. 11, the input positiom, and the output positiox,

are determined from the gait data using equation (4). The
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Fig. 8. The ankle position, x, and the ankle force, F are shown on the sa ¢ 2‘0 z}‘(éj
graph during the stance phase of gait. -50 »\\ 1
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V. SIMULATIONS OF THE ROBOTIC TENDON

In this section, the robotic tendon model is simulated t., _ Gait Percert (%) _ _ , ,
Fig. 9. The input power of the robotic tendon is determined using equation

-180

determine the input position, force, and power. (9). The spring power is determined using equation (7).
A. Choosing a stiffness to minimize power 02 :
0.15 AN

In the ideal case, if one was to assume that energy can / \
stored and released properly, the peak motor power is 25 o1 / \\
W and the energy required for each step is 19.4 J. Intl oos e §
ideal case, all of the braking energy is stored and used® o1 BaalRY \

push-off. We assumed an 80kg subject and the gait cy«‘i .- 2\0\\« 331,/‘/\/%’ 80 \\wo

duration is 1.25 seconds. The area underneath the p0\§ 01 L
curve in Fig. 4 is integrated to determine 19.4 J. Z ot
A mechanical system without a spring is not adequa
because peak power and energy required are both very hi
If a motorized system assuming 100% efficiency is use 05
without a spring, the peak motor power equals 257.6 W al ' Gait Percent (%)
the energy equals 38.8 J. The energy is much larger becakigel0. When there is not a spring in the system, the motor velocity matches
a motor must resist the load as the shank rolls over the anif dgait velocity. When there is a spring, the motor velocity is reduced by

. the sl f the f ing th d fi lai tion (6).
and must provide the push-off energy to propel the persor'?SOIDeo e force curve using the second formula in equation (6)

0.2

-0.25




In this simulation, the spring force is slightly altered from

004
003 9% to 60% of the gait cycle, Fig 13. Because the input
' T, velocity is constant, it can be easily integrated to determine
002 Py iy the input position. The gait position and the new input
= 001 o . position determine the spring deflection and new spring
_E' ==D°° Dn . . .
E b /\ :, x force. The spring force is slightly too large between 20 and
1‘§ A 20 40 \ 60 ,A; 100 | @i | 40% of the gait cycle resulting in extra energy storage.
-0.01
* \ \ / 1600
002 1400 %
R4 /A
-0.03 1200 " \7
-0.04 1000 n"’m \(
Gait Percent (%) .. 800 UE
Fig. 11. The output position, x, is determined from the gait data. The ai$ 500 \ —sSping |
moment directly determines the force in the spring and its deflection. E /r-*‘ ‘k Force
motor position is determined by the output position, force, and spr 400 Z \ g
constant using equation (4). 200 f \ -
. o . ‘ ‘ —
B. Choosing a Dynamic Siffness 7 = - = . p

The stiffness of the system can be chosen so that
matches the dynamic stiffness calculated from the gait data
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Fig. 13. The spring force is slightly too large between 20% and 40% of the
gait cycle.

In this second simulation, the output gait power is slightly
altered between 9% and 60% of the gait cycle because the
constant velocity was not a perfect match, see Fig 14. The

It makes sense to choose a spring stiffness in the robotiew gait force multiplied by the original gait velocity slightly

tendon that matches the dynamic stiffness of 48,587 N/mlters the gait power. In this example, the peak power is 251
Using this method, the input velocity is no longer dependeW{ and the required gait energy equals 17.5 J. The energy is

on the output velocity. The input velocity equals a constal&ss in this example, because there is slightly more braking
energy. If the spring was eliminated from the system, the

value.
A 4858% + 17506 peak power is 251 W and the energy required is 40.3 J.
48587 300

— Cait Power

. - 17506 20 / - === - Input Power
= W m/s 200 /Jf‘\\ -

: 4 —o= - Spring Power
In the second simulation, the spring in the robotic tendcg b /f i T Allred Gelt N

equals 48,587 N/m and the input velocity is constai
between 9% and 60% of the gait cycle, see Fig 12.
constant velocity command to a motor is very efficien
because motors are inherent velocity sources.
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Fig. 12. When there is no spring in the system, the motor must match
gait velocity. When there is a spring in the system, the motor velocity
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Fig. 14. The gait power curve is the same as the original data. The input
power is determined by multiplying the new spring force with the new input
velocity. The spring power is determined using equation (7). The altered
gait power is determined by multiplying the new spring force with the
original gait velocity.

Using a tuned spring and a constant velocity, the robotic
tendon peak power is 53 W and the required energy is 19.3 J.
The required energy is calculated by integrating the absolute
value of the input power in Fig 14. The motor peak power,
53 W, was amplified by 4.7 in this case to achieve a fully
téiSwered push-off of 251 W. In the original tendon case, the

determined using equation (6). From 9% to 60% of the gait cycle, tR@Wer amplification was only 2.7. The output position, X, is

motor velocity is constant.



calculated from the original gait data using a 0.07 m lever
arm. The input position, r, is a straight line between 9% and
60% of the gait cycle, Fig 15.
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Fig. 15. The output position is determined from gait data. The inpu
position is a straight line from 9% to 60% of the gait cycle.

VI. TESTING ON APOWEREDORTHOSIS

A powered ankle foot orthosis was designed and built o
based on the robotic tendon model [12, 14]. See Fig 1/@9. 16. A custom powered ankle foot orthosis was manufactured. The
! o " “robotic tendon is mounted in the rear of the leg and is used to pull on the
Thg custom lead screw moves the input posmgn of th&ut side of the springs.
spring,r. Two helical springs mounted symmetrically on
each side of the motor store and release energy. The spri o
are attached to a lever arm to provide the output moment ¢
position of the ankle. A motor incremental encode |

measures the input position and an absolute encoc
%
‘~,

Act Ankle Displacement and Motor Pattern for CV Controller

measures the output ankle position. A prostheti s\~
manufactured the custom foot bed, ankle joint, and plas

R
7‘/

shell. = N S
As the shank rolls over the ankle, the lever arm pulls dov .
on the springs. At the same time, the motor pulls up ont *® A
springs storing energy in the spring. During push off, th —Ankle Disp CV Catrl \/
spring contracts and the motor pulls up, pushing the fo ™ |---Mator Pattern OV Catr RO ]
downward to propel the person forward. = Mnkin Disp Passive AFD

A simple servo position-controller is used to control thi L B S Gait % T8 oaom
input side of the spring. Fig. 17. The motor pattern for the Constant Velocity (CV) controller is
A constant velocity controller, CV Controller, wasshown. The ankle position is shown in solid. An ankle position curve
implemented on the powered exoskeleton, see Fig 17. Twraring a non-powered exoskeleton is shown dashed. The exoskeleton
motor velocity was constant from 0 to 61% of the gait Cyclé:.auses the ankle motion to be altered as compared to able body gait.
The ankle position (m) is shown with a small dorsiflexion The controller achieves a very good dynamic stiffness, see
pattern from 12 to 25% of the gait cycle. A fasfFig 18. A plot of the derivative of force versus ankle
plantarflexion pattern is shown from 50 to 60% of the gaifelocity is shown. It should be noted that the output position
cycle. The ankle position curve differs from Fig. 2 becausst the spring isiot controlled. The human being places their
the exoskeleton alters the gait pattern. This is true even fofoat on the ground, loads the spring, and pushes off. During
passive orthosis without the robotic tendon assistanagis time, if the output positiom diverges from “normal”
Data we collected showed that while wearing a passivelues, then the spring force, the derivative of the force, and
orthosis a longer dorsiflexion phase from 20 to 50% of th@e ankle velocity also diverge. During the trigldespite
gait cycle occurred. The plantarflexion phase (50 to 69% pking controlled open loop, still tracked “normal” values

gait) was late as compared to able body gait. quite well. This is demonstrated by the linear fit of fhe

versusX data shown in Fig. 18.

The stiffness differs because the weight of the individual
and the length of the lever arm are different as compared to
the simulation in Section V.



The graph of the averagE versusX is shown in Fig 18.
110 steps were used to determine the average. This figLﬁL
demonstrated the tight grouping of the data
F = 15361%+688. In this experiment, the user was

only given 50% gait assistance. Half of the weight of the
user is used as the input to the gait force and the ankfé
position remains the same. A motor pattern is then
calculated as described in section V. In simulation, we
expected to find an equatiols = 14289% +743. This

equation is a close match to the CV controller’s data.
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Fig. 18. Rate change of force versus rate change of ankle d|sp|acenJer1t
from able bodied Powered Ankle Foot Orthosis, PAFO data.

VIl. CONCLUSION

We derived our robotic tendon model to emphasize ththO]
the relative velocity between the input and output sides of the
spring determines the spring power. The stiffness of the
spring is tuned so that the spring power reduces the peak
motor power and energy required for ankle gait. [11]

When determining stiffness from gait literature, it is
usually assumed that one side of the spring is fixed. Again,
we assumed that the spring is translating and used the spring
power term to derive a second dynamic method to calculate
stiffness. [12]

By choosing a tuned spring based on a “dynamic
stiffness”, the motor velocity was shown to be constant
during the loading phase of ankle gait. We simulated this
system and showed that energy was reduced and peak poUig}
was dramatically reduced.

The constant velocity controller was implemented on 4l
powered ankle foot orthosis and test data correlated with the
simulations.
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Abstract: The purpose of this study was to investigate the kinetic and kinematic effects of load carriage while wearing
a robotic transtibial prosthesis. Nine separate tests were conducted with a unilateral transtibial amputee test subject
wearing the robotic foot-ankle prosthesis. The subject walked on a treadmill at 1.3 m/s with a back pack weighing 0 kg,
4.5 kg and 9 kg. Direct measurement of the kinematics and kinetics of the robotic prosthesis at varying loads and ankle
joint stiffness using embedded sensors is presented. The test data suggest that the coping strategy for load carriage is
one of kinetic variance and kinematic invariance for subjects using a powered, computer controlled foot-ankle

prosthesis. The finding suggests that modulation of the spring stiffness as a function of load condition may reduce

system energy expenditure by 10%.

Keywords: Bionics, Biorobotics, Powered Prosthesis, Load Carriage, SPARKYy.

1. INTRODUCTION

The implications of load carrying are primarily due
to the overall increase in weight supported by the
prosthesis. A passive prosthetic device that is optimized
for the user weight and level of activity is not
functionally designed for significant weight increases.
One of the Nation’s leading prosthetic companies
suggests that 10Ibs or more of added weight will cause
undesirable gait changes and discomfort [1]. Holt et al
in their study found a strong relationship between
loading, walking speed and leg stiffness [2]. 11 health
subjects walked at speeds ranging from 0.6 m/s to 1.6
m/s in combination with and without a backpack
weighing 40% of their body weight. They found that
“stiffness showed significant increases as a function of
both speed and load.” Harman et al. examined gait
kinematics and gait kinetics of 16 able-bodied subjects
who also carried various loads in a backpack [3]. They
showed that as the load was increased, the ankle, knee
and hip kinematics did not change. However, the joint
torques increased considerably with increase in load.
Selles, extended this thought to transtibial amputees.
He found that a “kinematic invariance” strategy was
likely used by persons using transtibial prostheses when
weights were added to their prostheses [4]. In another
study by Hansen, Childress et al, 2005 [5], they strongly
support the hypothesis that the strategy is one of kinetic
variance and not kinematic. They suggest that the
“quasi-stiffness” of the ankle, knee and hip joints may
increase to accommodate the change in load and speed
while the kinematics such as the roll-over rocker
remains unchanged. They surmise that this strategy
best maintains the vertical profile of the center of mass
of the body and consequently minimizes energy
consumption.

978-89-93215-02-1 98560/10/$15 ©ICROS

2. ROBOTIC PROSTHESIS

The robotic prosthesis, SPARKYy, Fig. 1, used in this
study utilizes the Robotic Tendon, a DC motor in series
with helical springs, to regenerate energy [6]. The
dynamics of the user stores energy in the spring and the
spring returns that energy to the user in a cyclical and
highly efficient regenerative manner [7-9].

Fig. 1. Isometric view and photograph of SPARKy on a
male transtibial amputee test subject.

A Robotic Tendon actuator is employed in this device
to minimize the peak motor power requirement by
correctly positioning a uniquely tuned helical spring so
that the spring provides most of the peak power required
for gait. The Robotic Tendon is a small and
lightweight actuator that features a low power motor
that is used to adjust the position of the helical spring
using a very robust position controller. The controller
achieves the desired spring deflection and, consequently
via Hooke’s Law, the desired force and ankle moment is
realized using a spring in series with a motor. As the
ankle rotates over the foot during the stance phase, as
illustrated in Fig. 2 by the inverted pendulum model, the
spring is extended by the falling center of mass of the
body. Additional deflection in the spring is achieved



by correctly positioning the motor so that the desired
ankle joint angle and moment is realized. A heavy,
powerful motor is not needed because the Robotic
Tendon, similar to the biological tendon-muscle
complex, stores a portion of the stance phase kinetic
energy and additional motor energy within the spring.
The spring releases its stored energy to provide most of
the peak power required during “push off.” Therefore,
the power requirement on the motor is significantly
reduced. As described in [6], peak motor power
required is 77W compared to 250W for a direct drive
system in the 80 kg subject at a 0.8 Hz example.
Consequently, the weight of the Robotic Tendon, at just
0.95 kg, achieves a power density that in essence is 7
times greater than a direct drive approach.

=

Motor >

Spring —> i d[-’

Fig. 2. Desired spring deflection is achieved by
controlling the motor position and capitalizing on the
cyclical nature of gait. As the tibia rotates over the
stance foot, springs are extended.  Simultaneously, the
motor extends the springs to achieve the desired spring
deflection and the forces required to generate the
required ankle moment for walking. This inverted
pendulum with a Ilumped mass illustrates the
regeneration energy with use of a spring in series with a
motor. Computer aided design model of the prototype
is illustrated on the right.

3. METHODS

Nine separate tests were conducted with one
unilateral transtibial amputee test subject, who weighs
80 kg. The subject walked on a treadmill at 1.3 m/s (3
mph) with a back pack weighing 0 kg, 4.5 kg and 9 kg.
9 kg (11.25% of body weight) was the limit for the test
subject even though a heavier load may have provided
for a better test range and stronger indication of the load
effect. The spring stiffness on the device was set at 33
KN/m, 36 KN/m and 40 KN/m for each loading
condition, accounting for the 9 tests. All other
parameters remained constant. The true power model,
Eq. (1), developed in [10] was used to predict the
system energy requirement.

Pi"r.

B=P+——+FE
HmMgMis
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where P;is the power required to overcome the inertia
effects, P, is the power required at the nut for gait and
P, is the power required to overcome the system
mechanical power sinks. The denominator of P,, is the
product of the motor, gear box and lead screw efficiency.
P;is the angular velocity at the motor times the torque
required to overcome the motor rotor and gear box
inertia.

Direct measurement of voltage and current to the
motor was used to determine the actual energy usage.
An incremental encoder at the robot ankle joint and at
the motor provided position information. Via Hooke’s
Law, product of the spring deflection and stiffness was
used to determine the moment at the robot ankle joint.
Statistically, load and stiffness were considered separate
factors each with three levels (treatments) in the 2
Factor ANOVA.

4. RESULTS

The variance in mean of each level of both factors,
load and stiffness, was determined using a two factor
ANOVA. The results of the ANOVA indicate that the
loading and spring stiffness factors significantly affect
data mean in terms of ankle joint moment and input
energy. The ANOVA also indicates a strong
interaction between spring stiffness and loading. The
results do not show a significant relationship between
the factors and ankle joint angle.

The data, Table 1, suggests that ankle joint moment
increase with increase in loading. The variance in
mean of each level of both factors (load and stiffness)
was determined using a two factor ANOVA. The
p-value for the loading factor is <10™'?. The p-value
for the stiffness factor is 107°. The p-value for the
factor interaction is 1072, Therefore, the results of the
ANOVA indicate that the loading and spring stiffness
factors significantly affect data mean. The ANOVA
also indicates a strong interaction between spring
stiffness and loading.

The data and its analysis confirm what is found in
literature that ankle joint moment increases with load.
However, the data in this testing is unique since it is
from direct measurements at the ankle joint rather than
indirect methods such as inverse dynamics. In
addition, it provides a unique observation that there is a
relationship between ankle joint moment and spring
stiffness.

Table 1. Mean and STD Peak Ankle Joint Moment for
Stiffness and Loading Variation.

Mean Peak Ankle Joint Moment [Nm] (STD)

0 kg 4.5kg 9 kg
33KN/m | 70.4(3.4) | 72.7(2.9) | 80.2(1.6)
36 KN/m | 744 (1.7) | 75.6(1.5) | 75.2(1.3)
40 KN/m | 76.0 (3.4) | 75.0(1.3) | 83.6(1.9)

Table 2 provides the ankle joint angle measurements
for both factors (load and stiffness) and its three



treatments.  Inspection of the data in the table
horizontally, with varying load, or vertically, with
varying stiffness, shows that the ankle joint angle does
not indicate a trend. Rather, the only variability seems
to be caused by unknown factors (nuisance factors).
This is consistent with literature that the strategy with
loading is one of kinetic not kinematic variance.

The data are from an independent sample with
normal distribution. The variance in mean of each
level of both factors (load and stiffness) was determined
using a two factor ANOVA. The p-values for both the
loading and stiffness factors and their interactions were
not significant.

Table 2. Mean Peak Ankle Joint Angle for Stiffness
and Loading Variation.

Mean Peak Ankle Joint Angle [deg]

0 kg 4.5kg 9 kg
33 KN/m 25.0 25.1 24.4
36 KN/m 23.9 25.0 25.1
40 KN/m 22.5 25.2 24.0

Table 3 is the mean input energy at each treatment
and its associated input energy value from the model,
numerical integration of Eq. (1), is parenthetically
included. The mean values show that input energy
increases with both load and stiffness. The lowest
value is at (33 KN/m, 0 kg) and the highest value is at
(40 KN/m, 9 kg). The model and the data correlate
very well for every treatment. However, the model,
which follows the test results very well, predicts that at
20 kg, the stiffest spring is optimal. This is consistent
with even literature on passive devices. A heavier
person requires a stiffer prosthesis for a given level of
activity. In the same manner, as the user increases the
load he carries, the spring stiffness must increase. The
data here provides support to that notion in a very direct
approach. At low loading ranges, such as the case in
our testing (0 to 9 kg), there may not be a need to
change spring stiffness. However, if the loading
becomes significant, i.e., 20 kg, increasing the stiffness
on the device will decrease input energy.

Both data and model indicates that the optimal
stiffness is the 33 KN/m stiffness at every loading
condition. It also shows that input energy increases
with increase in loading. The data and the model are
in very good agreement.

The input energy data are from an independent
sample with normal distribution. The variance in
mean of each level of both factors (load and stiffness)
was determined using a two factor ANOVA. The
p-value for the loading factor, in terms of the input
energy, is 0.02. The p-value for the stiffness factor is
0.02. The p-value for the factor interaction is 0.9.
Therefore, the results of the ANOVA indicate that the
loading and spring stiffness factors significantly affect
data mean. The ANOVA indicates a very slim
interaction between spring stiffness and loading in terms
of input energy.
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Table 3. Input Energy Under Stiffness and Loading
Variation. The model results are in parentheses.

Input Energy: Test and (Model) [J/s]
0 kg 4.5kg 9kg 20 kg

33 KN/m 49.5 51.3 53.2 (53.5)
(39.8) 41.2) (42.9)

36 KN/m 52.6 52.5 54.7 (52.9)
(40.5) (41.8) (43.2)

40 KN/m 51.9 54.2 55.0 (52.5)
(42.2) (43.2) (44.3)

The data, Tables 1-3, and its analysis support
literature in that a person will change his ankle joint
moment to compensate for the change in load while
maintaining a similar ankle joint angle. It extends this
observation further by demonstrating that input energy
at the ankle joint must also increase with load. The
testing also showed that there is an optimal stiffness for
a given load. For example, 33 KN/m is optimal at 0 to
9 kg. However, the model predicts that at 20 kg, 40
KN/m is optimal. In terms of future design, if the
loading condition of the user increases significantly,
such as a Military amputee carrying a heavy backpack,
which can weigh in excess of 30 kg, simply dialing
away one or two active coils in the helical springs may
equate to 5-10% energy savings and an additional half
to one kilometer walking distance.

4. CONCLUSION

The test results support the findings in literature that
the strategy may be one of kinetic variance and not
kinematic. It also suggest that energy efficiency can
improve with change in spring stiffness. The
significance of this study is that direct measurements of
the ankle joint kinetics and kinematics was possible
with embedded sensors while the studies in literature are
predominately one of inverse dynamics based on motion
capture and force plate data which adds significant
accuracy challenges. In addition, this is most likely
the first study of its kind for powered transtibial
prosthesis in literature today. In addition, in this study,
the effective ankle joint stiffness was varied by
changing the spring stiffness from 33KN/m to 40 KN/m.
This is also very unique since a physical change in ankle
joint stiffness is not possible in able-bodied subjects and
difficult in amputee subjects using passive,
unchangeable prostheses.

5. FUTURE STUDIES

The team has developed several overground,
powered, walking transtibial prostheses since this study,
Fig. 3. These prototypes leverage the regenerative
kinetics and compliance inherent in the Robotic Tendon
design. The newest prototype, Fig. 4, supported an
amputee running at 3.6 m/s on a treadmill [11]. Future



versions of the walking and running capable powered
transtibial prostheses will dynamically modulate the
spring stiffness as a function of loading to improve

energy efficiency and performance as this

study

suggests.
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Fig. 3. Transtibial amputee subjects during
metabolic and gait studies using two of the newer
prototypes.

unilateral amputee
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Fig. 4. Computer aided design view of the newest
prototype with two DC motors demonstrated by a

at 3.6 m/s running.
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ABSTRACT

A team from the United States Military Academy and
Walter Reed Medical Center, in collaboration with private
industry partner, SpringActive, Inc., have designed, built,
and demonstrated a first of its kind motor powered, single
board computer controlled, running prosthesis for military
transtibial amputees. This paper presents the design and
initial results of the new prototype, which includes
successful testing with one unilateral transtibial Military
amputee running at 3.6 m/s (8 mph) on a treadmill. The
2011 prototype described in this paper is intended to
support a unilateral transtibial Military amputee on an
Army Physical Fitness Test which includes a 2 mile timed
run on a level ground.

1. INTRODUCTION

A team of faculty, staff, and cadets from the United
States Military Academy, with support from the clinicians
at Walter Reed Medical Center, in collaboration with
private industry partner, SpringActive, Inc., have
designed, built, and demonstrated a first of its kind motor
powered, single board computer controlled, running
prosthesis for military transtibial amputees.

Despite several versions of passive and active transtibial
prostheses in various stages of technological readiness
levels, none currently provide the military transtibial
amputees a single component solution for returning to full
duty. The desired outcome is to develop a robust walk-
run, all terrain, all-weather, quiet device that requires one
battery charge per day and with a total weight less than
the replaced limb. The device must be metabolically
efficient and kinematically beneficial. The device will
integrate with individual soldier equipment. The design
will allow simple removal of active components, such as
the computer and the motor, for occasions when a passive
device provides sufficient performance or when Military
operations such as airborne and waterborne operations
dictate.

1.1 Passive Prostheses

The limitation of passive prostheses ultimately stems
from their constant stiffness characteristics and inability
to supplement the potential energy stored during the
stance phase of the gait cycle.

The prevalence of activity-specific  foot-ankle
prosthetics highlights the consequences of the constant
stiffness characteristics for passive devices.  These
purpose-built passive prosthetics are optimized for a
desired level of energy efficiency and stability for a given
activity, in a given environment, and under the constraint
of the mechanics properties for the components that store
and release potential energy during the stance phase of the
gait cycle. Varying the design constraints is critical to
transitioning between various gait speeds and conditions
because they affect the overall compliance and energy
regeneration capabilities of the prosthetic limb. The
amount of compliance or effective stiffness of the limb is
effectively a compromise between metabolic efficiency
and stability for a given condition of user biometrics, gait
speed, and running surface (Daley and Usherwood, 2010).
The transtibial amputee is often thus confronted with the
decision to interchange between several prosthetic feet or
use one, likely suboptimal for several environments.
These decisions become more challenging for Military
amputees who may be in austere environments under
unpredictable operational conditions.

There exist unique solutions using active controls to
vary the kinematics of the lower limb prosthesis. One
such example is the Propio ankle by Ossur, which uses a
computer based motor to control ankle angle based on
position in gait cycle, gait, and other external conditions
(Proprio Technical Manual, 2009). Unfortunately, it does
not provide any additional power to the gait cycle, which
is a limitation of all passive prostheses. The human gait
cycle has an energy deficit for a 70kg person ranging
from 36J/step while walking, to 100J/step while running,
which is provided in non-amputees by the lower limb
muscle network (Hitt et al., 2010). This energy deficit
attributes to greater energy consumption while walking



and running for transtibial amputees, with tests indicating
that they can expend up to 35% more energy while
walking (Rao et al., 1998).

1.2 Active Prostheses

Active prostheses serve to replicate the lower limb
muscle-tendon system in the sagittal plane with a
combination of a linear springs and actuators. The linear
springs regenerate energy during the stance phase, while
the actuator effectively decreases the equilibrium length
of the spring after dorsi-flexion of the stance phase to
supplement the amount of potential energy it stores and
releases. Decreasing the effective equilibrium length of
the spring increases the displacement of the spring from
equilibrium during dorsi-flexion, which by Hooke’s Law,
stores additional energy in the spring equal to the product
of the spring rate and difference in the squares of the
effective displacements.  Brushless (Blaya and Herr,
2004) and brushed motors (Hitt et al., 2010), in addition
to pneumatic muscles (Kao et al., 2010; Versluys et al.,
2008; Hitt et al., 2010) provide the energy required to
increase the spring potential in the stance phase of both
prostheses and orthotics. The benefit of storing the
potential energy during dorsi-flexion is it effectively
provides a motor power multiplication factor of up to 3.
That is, the muscle-tendon system is able to maintain a
450W power output while using a 150W motor while
walking (Hitt et al., 2010).

1.3 Transitioning from Walking to Running

As previously discussed, there is nearly a threefold
increase in energy required during the gait cycle to
transition from walking to running. In addition, the stride
frequency nearly doubles, necessitating close to six times
the power output from the muscle-tendon complex while
running when compared to walking. What further
exacerbates this power requirement is the increased effort
required to overcome actuator inertial characteristics,
which were found to account for a significant 18% (80W)
of the muscle-tendon output simply during walking (Hitt
et al.,, 2010). Not only does the gait cycle frequency
increase in the transition to running, but the acceleration
of actuator components within each gait cycle increases as
a result of the changes in kinematics between walking and
running. While walking, the stance phase accounts for
62% of the gait cycle, which decreases to 36% as the gait
transitions from walking to running (Novacheck, 1998).
The effect of an increased gait cycle frequency and
reduced time for storing and releasing energy per cycle is
a dramatic elevation in the power required to overcome
the inertial effects of the actuators and supply the needed
quick power spike at push-off.

Another important consideration in the transition to
running is the biped’s natural neuromuscular adaptation

while changing gait from walk to run. Comparisons
between gait speed and leg stiffness indicated a positive
correlation between the two. However, clinical trials
determined that increases in gait speed caused solely by
increases in stride length had little effect on the leg
stiffness (Farley and Gonzales, 1996). Additional trials
determined a strong correlation between stride frequency
and leg stiffness (Farley and Ferris, 1998).

When comparing leg stiffness to surface compliance at
constant speeds in human subjects (Ferris et al., 1998) and
guinea fowl (Daley and Biewener., 2006; Daley and
Usherwood, 2010; Biewener, 2007), results demonstrated
that biped neuromuscular control maintains a constant
effective leg stiffness, which accounts for the leg stiffness
in series with the surface stiffness.  While some
experiments determined that the majority of the
neuromuscular stiffness adjustments occurred at the knee
joint (Burdett, 1982), there exists convincing evidence
that neuromuscular adaption exists at the ankle as well.
Active transtibial prosthesis testing of subjects loaded
with different weights at a specified gait demonstrated
that tendon stiffness adjustments affected actuator
efficiency (Hitt and Sugar, 2010).  Clinical trials
conducted to determine the reduction in muscle-tendon
loading using an active orthosis demonstrated that human
subjects were also likely to reduce leg stiffness (Ferris
and Farley, 1998) when supplemented by an actuator.
However, most interesting was the change in ankle
kinematics when using an active orthosis. Research
suggests that the neuromuscular response at the ankle
seeks to maintain a specified moment within the joint, to
the point that the subject will change his or her gait to
maintain that ankle moment (Kao et al., 2009). Thus, in
order to prevent disruption to the transtibial amputee’s
running gait, the actuation of the active ankle prosthesis
must accurately mimic the kinematics and Kinetics of the
ankle. This requires a robust control system that allows
the active prosthesis to properly mimic the ankle moment
profile for given user-specific gait kinematics.

1.4 Tendon-Muscle Control Schemes

Finite state machine control systems exist for active
transtibial prosthesis in various levels of robustness.
Single state control schemes estimate the start and
frequency of a specified gait cycle, and control the
effective length of the spring based on an assumed gate
profile (Oymagil et al. 2007). However, due to the
variability in gait profile under realistic conditions, the
limitations of this simple state machine overcome the
inherent stability of the compliance offered by series
actuator spring muscle tendon system. This limitation is
particularly critical when transitioning from walking to
running as the magnitude and timing of dorsi and plantar
flexion differ significantly between the two gaits.



Robust finite state control systems adapt to changes in
the gait by controlling invariant parameters within
different portions of the gait. One implementation
(Bohler et al., 2008) divides the stance phase into five
zones based on the ankle angular position, and controls
either ankle torsional stiffness or angular velocity within
each zone. This method seeks to control angular velocity
when the ankle is plantarflexing, and stiffness when the
ankle is dorsiflexing during the stance phase. The optimal
angular velocity and stiffness parameters vary based on
the position within the gait cycle, which the control
method addresses by defining specific parameters for
three separate plantarflexion zones and two separate
dorsiflexion zones, accounting for five unique parameters
for a given gait cycle. As the optimal angular ankle
angular velocity and stiffness profiles also vary under
realistic conditions, this control system uses state logic to
determine the amputee activity given the conditions, and
maps the five optimal parameters to that specific activity.

Impedance Control methods (Shaeffer and Hirzinger,
2002) provide actuator inputs to change the effective
inertia, damping, and stiffness characteristics of the
robotic limb. Though this method requires knowledge of
the reaction forces and moments on the ankle, it offers
flexibility within the system to adapt to changing
environmental conditions. Applications in active ankle
foot orthotics use state logic to determine different zones
within the stance and swing phases to vary the effective
impedance of the limb (Blaya and Herr, 2004). Such
applications have been effective in stabilizing
plantarflexion during the beginning of the stance phase to
prevent toe slap, while still allowing sufficient
dorsiflexion during the beginning of the swing phase to
prevent toe drag, thereby reducing hip circumduction.

The critical function within finite state control methods
is properly estimating the dynamic state. Unfortunately,
robust state estimation algorithms are increasingly
complex and computationally expensive, potentially
limiting their effectiveness during real time control. One
simplification to state estimation algorithms is to measure
the amputee’s electromyographic (EMG) signals directly.
Studies suggest there is a correlation between the
amputee’s EMG signals and the desired actuator function
(Ferris, 2006; Novacheck, 1998). However, the dominant
factor in the effectiveness of myoelectric-based control is
the system’s ability to reliably acquire and process an
accurate EMG signal, which still remains a significant
challenge (Holgate et al., 2009).

A novel approach to overcome the limitations of finite
state machine controls is to define gait parameters
invariant of amputee activity in a continuous control
system.  One implementation couples tibia angular
velocity and angular position in the sagittal plane to
identify the desired ankle angle and moment, adaptive to

any gait kinematic (Holgate et al., 2009). Using a single
rate gyro, this method captures tibia velocity in the
inertial earth fixed reference frame, determines an angular
position, and identifies the corresponding stride length
and position within the gait cycle. The challenge in the
tibia based control system is integrating the rate gyro’s
angular velocity signal, which is prone to offset and drift.
Rather than augment the rate gyro with an accelerometer
to perform complementary or Kalman filtering, the tibia
based control method implements a novel analog signal
processing technique that tenuates the drift. This method
is more robust than the aforementioned dual signal
processing techniques, as it provide a variable neutral
reference based on gait kinematics rather than constant
neutral reference defined in the direction of acceleration
due to gravity. Thus, the neutral tibia position is
referenced in the center of the stance phase which directs
more in line with the normal to the walking surface. This
allows the system to adapt to uneven terrain and varying
amputee activities without state logic.

2. IMPLEMENTATION
2.1 Mechanical Design

The running prosthesis was essentially a redesign of the
SPARKYyY walking active ankle prosthesis (Hitt et al.,
2010). Refining the walking prosthesis for running
required component modification to resist the increased
dynamic loads on the structural components and provide
the increased actuator power necessary for running. Refer
to Fig. 1 for an illustration of the embodiment design and
Fig. 5 for a comparison of the walking and running feet
designs.

Fig. 1. West Point bionic running foot design incorporates
a dual actuator, dual spring muscle-tendon system

Simulation and testing revealed 4200N as the objective
peak load on the robotic muscle-tendon system for a
specified foot-ankle configuration.



Fig 2. Finite element analysis of the muscle-tendon
interface component revealed excessive internal stresses,
necessitating redesign for the running foot.

Finite element analysis of the components indicated
three critical areas for redesign: the robotic muscle-tendon
interface; the tibia-ankle interface; and the tendon-ankle
interface. The robotic muscle-tendon interface originally
transmitted inputs from the single linear actuator to both
springs, resulting in significant internal moments and
shear loads in the interface component. Refer to Fig. 2
for a depiction of internal stresses of the muscle-tendon
interface component. To mitigate the excessive normal
and shear stresses at the interface surfaces, the team
included a second actuator such that each actuator
interfaced with a single spring.

Increased external moments exerted on the
revolute joint at the ankle caused excessive shear loads on
the bolted tibia-ankle interface adjacent to the ankle joint.
To mitigate the risk of failure at the revolute joint, the
team replaced the bolted connection with a unitary, solid
component. Refer to Fig. 3 for a comparison of the tibia-
ankle interface component for the walking and running
feet.

With increased internal moments in the ankle-
tendon interface component, the team removed the stress
concentrations in the component, with emphasis near the
revolute ankle joint. The redesign also incorporates an
increased second area of moment of the interface
component in the direction of the applied moment.

Fig. 3. Comparison of critic system interfaces between
the running foot (foreground) and the walking foot.

The 300-400W actuator power requirement mandated
replacement of the Maxon RE40 based actuator system
rated up to 150W. The team evaluated three alternatives
with similar power characteristics: a single Maxon RE75
brushed motor actuator; a dual Maxon RE40 actuator
system; and a single EC40 brushless motor actuator
system. Evaluation parameters included the complexity
of the motor control required, the overall weight and
inertial characteristics of the components, and the
clearance provided for the lower limb socket. The RE75
allowed for the simplest motor control algorithm, but
provided less than optimal socket clearance due to the
large diameter of the motor casing. In addition, the
RE75’s rotating inertia was double to quadruple of the
inertia of the other two alternatives, which would have
limited its efficiency. Furthermore, the single actuator
system would have generated excessive internal moments
in the muscle-tendon interface component. The dual
actuator system required additional control requirements
to synchronize the two motors, but mitigated risk of
muscle-tendon component failure. Additionally, though
inertial power requirements were significantly less than
the RE75 system, they were double the EC40 brushless
motor actuator power requirements. However, the EC40
brushless motor system control had inherent instabilities
during actuator direction reversal, and tested methods
proved unreliable at that particular transition in the gait
cycle. Therefore, the RE40 dual system proved the best
compromise between motor control requirements,
efficiency, and compatibility with the amputee.

Add second motor

and mvert robotic
tendon

Component
reinforcement

Improved sensor
type and
placement

alking Foot

Running Foot

Fig 5. Additional power and load requirements mandated
component redesign at the muscle-tendon, tendon-ankle,
and tibia-ankle interfaces.

2.2 Control System Design

The controller hardware is composed of a PC104
microprocessor with a Sensoray DAQ unit attached.
Utilizing control code downloaded from MalLab, the
PC104 drives two custom brushed motor position
controllers, see Fig. 6.
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The electronics are portable and are powered by a
26.4V battery pack. An Ethernet connection to the
Matlab PC is used to download the control code as well as
collect the data measured from the robot.

The controller software logic for running is based
strongly on the team’s prior work with walking gait, and
the tibia controller (Holgate et al., 2009). The advantages
of this control approach for both walking and running are
that its modeling is not based upon time, and is inherently
continuous, i.e. no state base decision logic is used. In
addition, the method detects user movement intent 1000
times every second.

Although based upon the same methods used in
development of the original tibia based control model, the
development of the running controller required significant
modification for the task of running. Due to these
distinctive differences in coordinated motion, a modified
motor reference pattern distinctive to running gait was
required. Refer to Fig. 7 and Fig. 8 for a sample ankle-
gait profile and ankle moment-gait profile determined by
stride length, respectively. Statistical analysis of running
gait kinematics determined an appropriate ankle angle and
ankle moment for a given position in the gait cycle, where
the position is defined as a percent within the gait cycle.

Desired Ankle Angle

Angle (Degrees)

Gait Percent
Fig. 7. Desired ankle kinematics as a function of the
position within the gait cycle for a specified stride length.
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Fig. 8. Desired ankle kinetics as a function of the position
within the gait cycle for a specified stride length.

Using a rate gyro to measure the motion of the tibia,
percent gait and stride length can be determined.
Corresponding gait percentage and stride lengths
determine the current desired moment at the ankle, which
is reflected in the displaced length of the spring. The
position of the actuator nut determines the effective
equilibrium length of the spring, which is controlled to
maintain the appropriate spring displacement. The lever
position is a measure of the ankle angle, and indicates the
vertical displacement of the tendon-ankle interface from
neutral, i.e., an ankle angle of 90 degrees. See Fig. 9 for
a sample motor position-gait profile.
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Fig 9. Desired motor position and tendon-ankle interface
(lever) position in the gait cycle for a specified stride
length.

The team then developed a two dimensional mapping of
the motor position as a function of stride length and
position within the gait cycle. See Fig. 10 for a sample
look-up map. This two dimensional array is stored within
the control system memory, providing a lookup table for
the desired motor position indirectly as a function of the
measured tibia angular rate and calculated tibia angular
position.



Nut Position (mm)
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Fig. 10: Displacement of the spring attachment nut (mm)
as a function of stride length and gait percent.

3. RESULTS

The team conducted clinical tests with an 80kg
unilateral transtibial amputee at the United States Military
Academy 13-25 April 2010. See Fig. 11 for the testing
apparatus. IRB approval was obtained from the United
States Military Academy.

Fig. 11. Single subject treadmill running tests 13-25
April.

During tests, the amputee, a United States Army Special
Operations noncommissioned  officer, sustained a
moderate running gait speed up to 3.6 m/s (8 mph), see
Fig. 12. In one test, after reaching a speed of 3.6 m/s, the
subject jumped off the moving treadmill coming to an
abrupt stop. The continuous tibia-based control
effectively adapted to the significant and rapid change in
gait kinematics and kinetics within one sampling cycle.

Fig. 12. Subject running on a treadmill.

The clinical trials validated the tibia-based control
algorithm for running and allowed the team to refine
simulation models for accurate analysis of required
actuator power input in future designs. Though the
running foot proved effective for gaits speeds up to 3.6
m/s, testing also highlight key areas of emphasis for the
next iterative design process with the objective of
sustained overground running. Visual inspection of the
subject’s gait indicated hip circumduction likely caused
by an underpowered actuator system. Model refinement
based on the test results indicated that the actuators
delivered up to 550W of the 590W peak power required
for the subject’s weight and gait speed. See Fig. 13 for
the refined power requirement analysis based on gait
position. See Fig. 14 for the measured (current and
voltage) motor input power. Thus, future redesign efforts
will focus on reducing the power required to overcome
inertial characteristics of the actuator system and
structural components, as well as increase the power
capacity of the actuator system. The solution emphasis
for the next design is incorporating a brushless motor
actuator system that halves the actuator inertial properties
and more than doubles the actuator’s nominal power
capacity to 800W.

Motor Input Power and
Muscle-Tendon Ouput Power
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Fig. 13. Motor and muscle-tendon power capacities for
80kg subject running at 3.6 m/s.
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Fig. 14. Motor power input determined as the product of
the measured voltage and current for 80kg subject running
at 3.6 m/s. Note that the spike in power is due to reversal
of the motor between stance and swing.

Testing also indicated service life challenges with the
lead screw assembly in the actuator. The lead screw
assembly is required to convert the rotational motion of
the electric motors to translation with a high enough
mechanical advantage to limit the size of the electric
motors used. Therefore, as second emphasis of the next
redesign is incorporation of a roller screw assembly in
place of the lead screw, and elimination of any external
moments not exerted axially on the roller screw. See Fig.
15 for a rendering of the future design concept.

Fig. 15. Conceptual design of next running foot iteration
includes a single brushless motor actuator, reduced
overall weight, and isolated roller screw assembly.

4. CONCLUSION

Preliminary testing indicates that it is possible to use a
series actuator-spring system to mimic the tendon-muscle
power amplification strategy for running. Overground
tests continue with full system portability, see Fig. 16.
However, running gait kinematics, particularly the
reduced stance phase within a gait cycle, increases the
importance of component inertial characteristics, thereby
generating a requirement to use brushless motor systems
in future designs and complex manufacturing techniques
that facilitate significant weight reduction. As ancillary
efforts to develop battery systems with increasing energy
density continue, the development of a feasible robust
foot capable of replacing limb functions under any

activity and environmental condition becomes a more
realizable goal.

’* o

Lawe - ik , 1

Fig 16. Unilateral transtibial amputee conducting
overground walking tests with fully portable tibia-based

controller.
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With Biomechanical Energy
Regeneration

A unique, robust, robotic transtibial prosthesis with regenerative kinetics was successfully
built and a 6-month human subject trial was conducted on one male below-the-knee
amputee under linear walking conditions. This paper presents the quasistatic system
modeling, DC motor and transmission modeling and analyses, design methodology, and
model verification. It also outlines an approach to the design and development of a

robotic transtibial prosthesis. The test data will show that the true power and energy
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requirement predicted in the modeling and analyses is in good agreement with the mea-
sured data, verifying that the approach satisfactorily captures the physical system. The

modeling and analyses in this paper describes a process to determine an optimal com-
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bination of motors, springs, gearboxes, and rotary to linear transmissions to significantly
minimize the power and energy consumption. This kinetic minimization allows the down-
sizing of the actuation system and the battery required for daily use to a self-portable

level. [DOLI: 10.1115/1.4001139]

1 Introduction

One of the primary challenges in the development of a truly
biomimetic, foot-ankle, prosthetic device is prohibitively low
power and energy density in traditional actuation schemes. The
ankle joint requires considerable power and energy, and applying
a traditional approach with a DC motor and gearbox at the ankle
joint would force the system to become too heavy and bulky.

A portable, daily use powered prosthesis requires both high
power to weight ratio (power density) and energy to weight ratio
(energy density) in an actuator. Without these limitations, one
could take, for example, a RE75 DC Motor from Maxon Precision
Motors, Inc., rated for 250 W continuous power to provide the
250 W peak power required in human gait (80 kg subject at 0.8
Hz walking) [1]. But this motor, in combination with a gearbox in
a traditional approach, would weigh 6 kg to 7 kg, which exceeds
the weight of a typical, biological, below-knee limb. In addition,
the size of the batteries needed to power the system would be-
come too large and heavy, making the system unmanageable.

There have been significant improvements in prosthetic and
orthotic technologies in recent years. Energy storage and return
(ESAR) devices allow faster walking velocity and better terrain
negotiation [2—4]. They have an increased range of motion, store
and return energy, and reduce the needed metabolic requirements
[5-9].

Even with these improvements, current ankle-foot prosthetic
devices are passive. They typically use rubber like springs or leaf
springs made from carbon composite materials. They do not con-
tain powered elements that assist in locomotion. Amputees must
rely on the spring-back passive devices to provide and adjusted
gait to help propel them forward.

In an effort to develop active lower-limb prostheses, researchers
are investigating alternatives to traditional actuation schemes.
Several researchers [10-14] developed quite mature novel proto-
types, while many others are at varying stages of research and
development. The Proprio ankle by Ossur is the first commercially
available motorized and computer controlled ankle device that
modulates ankle angle, based on the environment, gait, and con-
ditions, to better mimic the kinematics of the lost limb, however,
without the functionality to actively generate power [15].

Manuscript received August 19, 2009; final manuscript received January 22,
2010; published online March 26, 2010. Assoc. Editor: Just Herder.
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The purpose of this paper is to describe the development and
testing of a motorized foot-ankle prosthetic device that utilizes
biomechanical energy regeneration to reduce the electric motor
and battery to self-portable weight and volume. Energy regenera-
tion is typically thought of as the capture and conversion of nega-
tive mechanical work to electric energy, as is done in electric cars
with regenerative braking. In this paper, biomechanical energy
regeneration is the storage of negative mechanical work in
springs, to be used as mechanical energy without the need to
undergo the inefficient energy conversion process from mechani-
cal to electrical, and back to mechanical.

2 The Robotic Tendon

A robotic tendon [1] actuator, Fig. 1, is utilized in this device to
minimize the peak motor power requirement by correctly posi-
tioning a uniquely tuned helical spring so that the spring provides
most of the peak power required for gait. The robotic tendon is a
small and lightweight actuator that features a low power motor
that is used to adjust the position of the helical spring using a very
robust position controller. Figure 1 illustrates how the desired
spring deflection and consequently via Hooke’s law the desired
force and ankle moment is achieved using a spring in series with
a motor. As the ankle rotates over the foot during the stance phase,
as illustrated in Fig. 1 by the inverted pendulum model, the spring
is extended by the falling center of mass of the body. Additional
deflection in the spring is achieved by correctly positioning the
motor so that the desired ankle joint angle and moment is realized.
A heavy, powerful motor is not needed because the robotic ten-
don, similar to the biological tendon-muscle complex, stores a
portion of the stance phase kinetic energy and additional motor
energy within the spring. The spring releases its stored energy to
provide most of the peak power required during “push off.”
Therefore, the power requirement on the motor is significantly
reduced. As described in Ref. [1], the peak motor power required
is 77 W, compared with 250 W for a direct drive system in the 80
kg subject at a 0.8 Hz example. Consequently, the weight of the
robotic tendon, at just 0.95 kg, achieves a power density that in
essence is seven times greater than a traditional approach.

3 The Simple Series Quasistatic System Model

What combination of actuator, robotic tendon spring stiffness,
ESAR keel stiffness, ankle joint motion, and control scheme is
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Fig. 1 Desired spring deflection is achieved by controlling the

motor position and capitalizing on the cyclical nature of gait.
As the tibia rotates over the stance foot, springs are extended.
Simultaneously, the motor extends the springs to achieve the
desired spring deflection and the forces required to generate
the required ankle moment for walking. This inverted pendulum
with a lumped mass illustrates the regeneration energy with
use of a spring in series with a motor. Computer aided design
model of the prototype is illustrated on the right.

optimal in terms of power and energy? To answer these questions,
multiple models were derived, each with varying combinations of
these design parameters [16]. The ankle joint angle and moment
data used in the simulation are from able-bodied data, generated
by the inverse dynamics of motion capture and force plate test
data published by Whittle in Ref. [17]. The remaining kinetic and
kinematic analysis is derived using a quasistatic approach. MAT-
LAB simulation of the models showed that a power amplification
(Poy peak/P;, peak) of up to 6 may be possible. P, is the
power out of the system (prosthesis). Py, is the power out of the
motor. Presented here is the simple series model selected for its
simplicity and robustness in terms of hardware design. Simulation
of the model showed that a power amplification of 3.25 is possible
while maintaining gait kinematics and kinetics similar to able-
bodied persons.

In the simple series model, the keel and the robotic tendon
springs are in series; therefore, the moment in the keel is equal to
the moment in the robotic tendon. The moment in the ankle joint
is from published able-bodied data [17]. The motor position is
controlled so that the moment of the robotic tendon matches that
of the able-bodied moment data, Eq. (1). As illustrated in Fig. 2,
K, is the keel stiffness, K is the spring stiffness, B is the radius of
the keel deflection (0.17 m for the FS 3000 Keel used in this

#ble-Bodied Ankle
Joint Angle [rad)

Motor

Position (=)

Moment arm from the
metatarsal ball of the keel
tothe revolute joint [m]

Fole-Bodied Ankle
Joint Moment [Nm)

---------- ¢ ‘/\ Keel
= Deflection

Fig. 2 A two degrees-of-freedom model with a seismic excita-
tion representing the motor excitation, a torsion spring for the
keel, and a helical (linear) spring between the lever and the
motor is shown. The moment due to the keel is a function of
¢(t) and the moment due to the spring is a function of O(#)/
—-x(t). The moment at the ankle is from published information
determined using inverse dynamics of motion capture and
force plate test data as published in Ref. [17].
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project), d is the moment arm (0.125 m from the metatarsal ball of
the keel to the revolute joint at the ankle) due to the keel deflec-
tion, and / is the lever length (0.09 m). Small angle approximation
is assumed as

M (1) = Myeoi(1) = Mgr(t)
Mkeel(l) = KaBdQD(t) (1)

Mpr(1) = K(10,(1) = x(2))!

Solving Eq. (1) for motor position x(#) determines the expression

K, Bd
1) =10,() - —= t 2
x(1) =16,(1) K (1) 2)
The assumed force in the robotic tendon is given by
M (1)
Floy== (3)

The ideal power generated by the motor to move to position x(¢) is
given by the product of the force and velocity in the tendon

P (1) = F(t)d);_(tt) =P ()= M?(z) ldﬂ;(t) B K;;Blddcsit)

4)
The expression in Eq. (4) represents the power required by the
motor to generate the desired moment and ankle angle of able-
bodied gait published in Ref. [17], given that the spring provides
the majority of the required peak power. The optimization of Eq.
(4), varying keel stiffness K, and spring stiffness K, showed that
a minimum peak motor power profile is achieved by varying Kj.
The analysis showed that a spring stiffness of 36,000 N/m is op-
timal in terms of the minimum peak motor power. At this spring
stiffness, the peak motor power is at its lowest value of 80 W. The
simulation of this model showed that with a peak input power of
80 W from the motor, together with the power stored in the spring
through regeneration, the system can deliver the required 260 W
of peak gait power, which is a power amplification of 3.25. Note
that Eq. (4) is fully developed and validated in Ref. [18]; this
paper represents a major extension of Ref. [18] with the develop-
ment of the true power equation, Eq. (10), and the modeling and
testing presented in the following sections.

4 Power and Energy Efficiency

Literature is replete with discussions about power and energy
input and output as it relates to transtibial prostheses. However,
there is very little discussion and analyses outside of the idealized
system. Providing the idealized 36 J (summing the absolute value
of the power curve) of energy per step [1] becomes an issue be-
cause one must consider the efficiency of the motor, gearbox, and
other transmission mechanisms, friction, and inertia, and the con-
sumption of energy by the sensors and electronics if a system is to
be designed and to be portable. The mechanism inefficiency alone
can double the energy requirement. For example, a DC motor with
an average efficiency of 70%, connected to a ball screw at 90%
and a gearbox at 80%, multiplies to produce a 50% efficiency
actuation system. This would suggest a doubling of the energy
input requirement to 72 J/step to provide the necessary 36 J/step at
the output end. This is still an optimistic estimate because this
does not include several other factors such as: the energy con-
sumed to counter motor/actuator inertia, which tests show, is con-
siderable in a highly cyclical gait pattern where the motor rapidly
changes direction several times per step, friction in the mechanism
or energy required by the microprocessor, sensors, motor control-
ler, etc., see Fig. 3. In addition, the efficiency of the motor varies
significantly during a gait cycle as a function of motor torque and
angular velocity; therefore, the use of a constant motor efficiency
is an invalid assumption for our cyclic gait research. One can
easily see that the actual energy requirement could grow to three
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Fig. 3 This diagram illustrates the flow of power and energy from the bat-
tery to the user. Significant amount of energy is lost due to inefficiency in
the mechanisms, motor, inertia, friction, etc. Proper selection and design
can drastically improve overall system efficiency. Note that the system effi-
ciency is defined as average output power to the user/average input power
from the battery. The inertia and friction box is assumed to be linked to all of

the mechanical elements.

or fourfold of the idealized number of 36 J/step in a traditional
approach, and consequently increasing the battery requirement
proportionately in size and weight to nonportable levels. Also,
under these circumstances, slow running, which may quadruple
the peak power requirement as compared with normal walking
(1000 W for heel to toe running as compared with 250 W, for
walking) would send power and energy density requirements be-
yond what can be achieved today.

In this section, multiple effects will be investigated, focusing on
several DC motors, rotary to linear transmission mechanisms, gear
boxes, spring stiffness, and lever lengths on energy efficiency of
the robotic transtibial prosthesis. Using MATLAB simulations of
kinetic and kinematic models, the best combination of these vari-
ables will be predicted in terms of system energy reduction and
efficiency. Later, these results will be compared with human sub-
ject test data.

4.1 Regenerative Energy. Using a spring in series with a
motor allows regeneration of energy. Figure 4, in comparison with
Fig. 3, illustrates the addition of regenerative power and energy
made possible with the robotic tendon. The figure illustrates the
energy cycle that occurs between the user and the spring. The
dynamics of the user stores energy in the spring, and the spring
returns that energy to the user in a cyclical and highly efficient
regenerative manner.

4.2 DC Motors and Transmission. DC motor efficiency: A
significant aspect of energy density is motor efficiency. For ex-
ample, the RE 40 DC Motor by Maxon, Inc., currently used in the
device, is one of the most efficient motors commercially available
for this application. However, its rated efficiency of 91% is only
achieved at a very small range of motor torque and rpm near 7000
rpm at 0.1 Nm. Below 2000 rpm and above 0.2 Nm, motor effi-
ciency quickly drops below 50%. A 3D plot is shown in Fig. 5 as
a function of motor torque and motor rpm [18]. Motor efficiency
is mechanical power out/electrical power in

Microprocessor - 3
Electronics Inertia Regenerative
Sensors Friction Energy
R i .
Battery Motor Gearbox otary to L.mear Spring User
Mechanism
Nim(T,w) ng N n,=0.999

Fig. 4 This diagram illustrates the flow of energy from the bat-
tery to the user for the robotic tendon model. Even though sig-
nificant amount of energy is lost due to inefficiency in the
mechanisms, motor, inertia, friction, etc., the spring and the
regenerative energy that it harnesses is nearly 100% efficient
and accounts for the main share of the output energy. This
method also allows for a smaller motor, battery, and transmis-
sion system.

Journal of Medical Devices

mechanical power 7w

7]"1_—_ Vi

electrical power

(5)

where V is voltage in volts, i is current in amperes, w is the
angular velocity in rad/s, and 7 is torque in Nm.

The 3D plot in Fig. 5, which is determined by the evaluation of
Eq. (5), shows that there is a narrow range of motor efficiency
above 70%. Once the motor slows below 2000 rpm, or the motor
torque exceeds 0.2 Nm, the motor efficiency degrades exponen-
tially. Therefore, the motor should be properly matched with an
appropriate gearing mechanism that maintains high motor speed
and low torque for its given tasks.

91%at (0.1 Nm, 7000 rpm)

I=3
®

o
o

45%at (0.2 Nm, 600 rpm)

Motor Efficiency
o
-

o
~

25
2 15

1
o O
Motor Torque {Nmj Motor Angular Velocity [RPM]

Fig. 5 3D plot of the RE40 motor efficiency as a function of
motor torque (Nm) and motor angular velocity (rpm) [18]. No-
tice that the highest efficiency of 91% is only achieved at a
narrow range of torque and angular velocity. Operating the
RE40 at speeds lower than 2000 rpm or torque above 0.2 Nm
will significantly degrade the motor efficiency. lllustrated in the
figure are two points on the mesh.

o
®

04

Motor Efficiency

02+

S 25 15
Motor Torque [Nm]

x10'
Motor Angular Velocity [rpm]

Fig. 6 The three motor efficiency 3D plots overlapped. The
blue is the RE 40, the red is the RE 30, and the green is the EC
30. The red surface ends at 1.02 Nm on the horizontal axis de-
scribing torque. The vertical axis measures efficiency.
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Motor efficiency analyses of other motors can be accomplished
using the same method. Figure 6 shows the motor efficiency 3D
plots of the Maxon RE 40, Maxon RE 30, and the brushless
Maxon EC Power Max 30. The RE 30 motor is a 60 W nominal
motor that is half the size and weight of the RE 40 motor with a
rotor inertia that is j; of that of the RE 40 motor. The RE 30 motor
is much more desirable if the peak motor power requirement can
be reduced below 60 W. The EC 30 motor is a 200 W nominal
motor that is half the size and weight of the RE 40 motor with a

rotor inertia that is ‘1-1 of that of the RE 40 motor. The EC 30 motor
may be the best performing of the three motors since it is as small
as the RE 30, and is even more powerful than the RE 40 motor.
However, because it is a brushless motor, it requires a much more
sophisticated motor controller and it operates at a much higher
rpm.

In Fig. 6, the three motor efficiency plots are overlapped. This
highlights the similarities and differences of the three motors. The
blue surface plot is the RE 40, the red is the RE 30, and the green
is the EC 30. It illustrates that the EC 30 has a significantly higher
range of torque and speed while maintaining a similar efficiency
profile. The red surface, hidden in view by the blue surface, is the
smallest ending at 1.02 Nm on the torque side. Also, notice that
the blue surface reaches the highest point at 0.91, while the red
surface reaches 0.87, and the green surface reaches 0.88. How-
ever, all three surfaces reach their maximum points near their
maximum speed and minimum torque point, and the shape of the
surfaces are very similar.

Rotational to linear motion mechanisms: A mechanical element
is required in our design that will convert the rotation of the DC
motor to a linear motion that can be used to adjust the position of
the helical spring in the robotic tendon. Typical solutions are
power screws, such as lead screws and ball screws. Lead screws
are capable of large mechanical advantages by modifying the
pitch of the lead screw threads. The motorized lead screw trans-
lates the nut to provide the rotary to linear motion. However, in
typical lead screw applications, the efficiency is very low, due to
the significant friction between the lead screw and nut interface.
In contrast, a ball screw, with its rolling contact, achieves high
efficiency because of the minimal frictional losses between the
rolling ball and screw interface. Unfortunately, the ball bearings
within the nut assembly wear quickly in high dynamic load appli-
cations, and the weight and volume of the ball screw is much
higher than that of the lead screw. The lead screw performance
can be enhanced by reducing the friction between the nut and
screw, and by selecting the best lead screw angle. By careful
design selection, lead screw efficiency can be increased from its
typical range of 0.2-0.3 to 0.7-0.8. Equation (6) is the lead screw
efficiency from Ref. [19], where it is only a function of w, coef-
ficient of friction, and «, lead angle

l-p tan(a) ©)

* 14 ucot(a)

The inertia effect: The motor, gear box, lead screw, and the load
have inertia that resists the applied torque as a function of angular
acceleration; therefore, the system requires additional power and
energy from the batteries to counter the effects of inertia. The
motor and the gear box, which accelerates and decelerates at very
high rates in this application, consume significant power. The
other elements contribute to the total inertia to a much lesser
degree, as the speed reduction from the motor to the load has a
(w,41/ ®,)* reduction factor. For example, the gear box with a
4.3:1 gear ratio has a gear box reduction factor of (1/4.3)> or
0.054. The lead screw, which rotates at the reduced rate reflects
only 5.4% of its inertia back to the motor in this example. In
addition, the small lead screw radius makes the inertia effects of
the lead screw low in the first place. Therefore, the primary cause
of the system inertia effect is the motor’s equivalent rotor inertia
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and the gear box equivalent inertia. The total mass moment of
inertia about the axis of rotation for the motor, gearbox, and lead
screw system is simply

M o, \’
Jo=In+ T+ | s+ —— —5) 7
o ¢ [1‘ <2wld)2](w 7

where J,, is the equivalent motor rotor inertia from published
specifications, J, is the equivalent gear box inertia from published
specifications, and Jj, is the lead screw inertia. The lead screw is
assumed to be a slender rod with an inertia equal to one-half of
the mass of the lead screw times the radius squared, J,,=1/2mr>.
The lead screw nut inertia is given by M/(2l,;)?, where M is the
mass of the nut assembly and /; is the lead of the lead screw.
Finally, because the lead screw is rotating at a reduced rate, a
reduction factor of (cug/oo)2 is used. w, is the angular velocity

after the gearbox and w is the angular velocity after the motor.

4.3 The True Power. The true power is the electric power, as
defined by the product of the input voltage and current. This is the
power required by the battery to provide the required mechanical
power in our application. Significant amount of power is con-
sumed as this electric power is converted and delivered to the nut
as mechanical power. Accounting for these losses in power, due to
mechanism inefficiency and inertia effects, together with the me-
chanical power required at the nut, determines the electric power
requirement. In addition, frictional losses, damping, heating,
structural deflection, and other power sinks not accounted for in
the efficiency calculations must be included in the true power
requirement. This system mechanical power loss is determined
experimentally. Equation (8) is the expression for electric power
P,

" P, 8)
T Mg Ths
where P; is the power required to overcome the inertia effects, P,
is the power required at the nut for gait, and P, is the power
required to overcome the system mechanical power sinks. The
denominator of P,, is the product of the motor, gear box, and lead
screw efficiency. P; is the angular velocity at the motor times the
torque is required to overcome the motor rotor and gear box iner-
tia

dw
Pj=7'jw=[(lm+Jg)E]w 9)
Combining these power, Egs. (8), (9), and (4) gives

M, K,Bd
Nl loy - K_Slwkeel

dw
P,= [(Jm+Jg)—]w+ + P,
dt 77m77g7715
where the motor and lead screw efficiency, derived in the above
sections, are given by Egs. (5) and (6).

Inspection of Eq. (10) and the separate efficiency equations
point out the parameters that can be varied to minimize the true
power requirement. P; is a function of dw/dt and w, which are the
angular acceleration and angular velocity of the motor, and (J,,
+Jg) are the rotor and gear box inertia. P,,, in our simple series
model optimization, is a function of the spring stiffness K, and
lever length [/, since all other variables such as the ankle joint
moment and ankle joint angle are assumed to be set as inputs to
the system. The efficiencies are functions of motor torque 7, and
motor angular velocity w, u, and «, which are the coefficient of
friction and lead angle for the lead screw. Therefore, the param-
eters that can be varied to determine an optimal combination that
minimizes electric power (true power), termed as “system effi-
ciency parameters,” are as follows:

(10)

(1) motor torque (7)
(2) motor angular velocity ()
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Fig. 7 Shown for one gait cycle are the electric power P, blue,
power at the nut P, black, the output power P,, red, and the
power consumed due to rotor and gear inertia P;. The area in
the blue circle highlights the inertia effect and its power curve.
The area in the yellow circle highlights the efficiency effect and
the larger electric power curve.

(3) motor angular acceleration (dw/dt)
(4) rotor inertia (J,,)

(5) gear box inertia (J,)

(6) spring stiffness (K,)

(7) lever arm length (/)

(8) lead screw lead angle ()

(9) lead screw friction coefficient (u)

Integration of Eq. (10), which is done numerically in the model,
is the true energy required to power gait. Minimization of the true
energy is the primary goal in mechanical system design for this
application. Shown in Fig. 7 is the electric power P,, blue, re-
quired to deliver 80 W peak power at the nut P,,, black, as deter-
mined in the optimized simple series model described earlier. The
power required for gait, the output power P,, is in red. Also
shown in the figure, in lavender, is the power consumed due to
rotor and gear inertia P;. The electric power is determined by
evaluation of Eq. (10) with full implementation of the efficiency
models for the motor, gear box, and lead screw. Highlighted in the
blue dotted circle is the main inertia effect. Approximately 80 W
peak power is consumed to counter inertia here. The area under
the power curve is the energy drain on the system due to inertia.
This point coincides with high angular velocity and angular accel-
eration as the foot quickly changes direction from plantarflexion
to dorsiflexion as it leaves the ground at the start of the swing
phase. The difference between P, and P,, near the area high-
lighted in the yellow circle is the result of system efficiency near
50%. Fortunately, when the efficiency is at its lowest, P,, is near
zero and the efficiency effects become negligible. Otherwise, high
power requirement and low motor efficiency could lead to mal-
function of the motor as the motor current reaches unacceptable
levels as the motor draws increasing amounts of current to achieve
high motor torque under low efficiency.

5 Methods and Analyses in Actuation Efficiency

The DC motor, transmission, and spring in the series design is
a complex electromechanical system in terms of its physics. In
practical terms, what this suggests is that one should select each
mechanism and component on the basis of the system efficiency
parameters, and more importantly, their interactions. For example,
in this application, motor selection should include a careful evalu-
ation of Eq. (10). From Fig. 6, the motor efficiency surfaces of
three different motors have a similar shape if scaled for torque and
angular velocity. The real differences are in the allowable torque
and angular velocity ranges and their rotor inertia. The differences
in torque and angular velocity range would force a change in
mechanical advantage by changing the gear box and lead screw
combination. Also, this would change the moment of inertia of the
motor and gear box and all of the efficiency calculations. There-

Journal of Medical Devices

\

EE

g

Energy [Vstep]
g

!

38
@

LS Pitch [rev/in]

Fig. 8 Energy surface plots for the RE 40 motor in combina-
tion with different lead screw pitch and gear ratio. The best
result, 53.1 J/step, is at 4.6 GR and 3 rev/in. lead screw.

fore, the motor type has compounding effects on the system and
its selection cannot be made without a system level evaluation.

System simulations are evaluated using MATLAB simulations of
Eq. (10) and associated efficiency models. They are fully derived
in Ref. [16]. The spring stiffness, lever length, keel stiffness, ankle
joint moment, and angle are as described and selected in the
simple series model. Three motor combinations, the RE 40, two
RE 30s in parallel, and the EC 30 are analyzed. For each motor,
different gear box ratios from 1:1 (no gear box) to 5:1 are evalu-
ated, and the lead is adjusted from 1 rev/in. to 20 rev/in. The
diameter of the lead screw remains unchanged at % in.. The out-
put of the simulation is based on the total electric input energy.
This is determined by the numeric integration of P,. The lead
screw pitch is limited to 20 rev/in. because beyond that, the
threading becomes too fine and delicate for this application. Gear
ratios above 5:1 usually require additional stages of gears, and
therefore, decrease gear box efficiency significantly (additional
simulations of ratios above 5:1 did not show better results).

Each point in the surface plot in Fig. 8 represents one iteration
of Eq. (10), varying the gear ratio and the lead screw pitch for the
RE 40 motor. The surface represents the input energy requirement
per step. Notice that there is only a narrow range of acceptable
transmission combinations. The best results are near the high pitch
and high gear ratio combinations. For this simulation, the best
parameters are 53.1 J/step at 4.6 GR and 3 rev/in. for the lead
screw. If we compare 53.1 J/step to the integration of the gait
power curve, 19.5 J/step, rather than the absolute output energy of
the gait power curve, 36 J/step, the system efficiency is 37%. The
best solution without a gearbox is 69.4 J/step at 13 rev/in. Table 1
is the summary for all three motors and their transmission combi-
nation.

The motor and transmission analysis show that all three motors
(RE40, two RE30s, and the brushless EC30) with their unique
optimal combination of gear box and lead screw result in similar
energy efficiency levels of approximately 53 J/step (37% energy
efficiency), with gear box ratios near 5 and lead screw pitch near
3 rev/in.

The final step is to select the best motor and transmission com-
bination and reevaluate Eq. (10), varying the spring stiffness and
lever length to identify the best combination in terms of energy
efficiency. In a second optimization routine, the selected system
fixed the following parameters: the RE 40 and transmission com-
bination of a 4.6:1 gear box and a 3 rev/in. lead screw. The spring
stiffness was varied from 10 KN/m to 700 KN/m. The lever length

Table 1 Input energy requirement for motor and transmission
combinations (spring stiffness=36 kN/m, lever length=9 cm)

Motors Lead screw and gearbox Lead screw only

RE 40 53.1 J/step, 4.6GR, 3 rev/in. 69.4 J/step, 13 rev/in.
EC 30 52.9 J/step, 5GR, 4 rev/in. 76.9 J/step, 18 rev/in.
2 RE 30 53.3 J/step, SGR, 3 rev/in. 73 J/step, 15 rev/in.
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Fig. 9 Left figure is the isometric and side views of current
design as modeled in soLibworks. The RE40 motor coupled with
the robotic tendon provides a dynamic moment about the ankle
joint. The right figure is a photograph of SPARKy on a male
transtibial amputee test subject.

was varied from 3.5 cm to 35 cm. The best result is 52.3 J/step at
31 KN/m and a 9 cm lever length. This is a slight improvement
from 53.1 J/step using 36 KN/m spring stiffness and a 9 cm lever
length combination determined in the peak P,, optimization cal-
culations in the simple series model. Efficiency improves from
36.5% to 37% by selecting a slightly less stiff spring and the same
lever length. These slight improvements may fall within the error
margin of the model.

6 Design and Build

The final design was based on several factors. The primary
factors were the power and energy analyses described earlier, and
user safety assessment followed by technical risk mitigation as-
sessment, year 1 deliverables to our army sponsors, manufactur-
ability, and commercial component availability. The design is
based on the simple series model with the Maxon RE 40 motor. A
planetary gear box, Maxon GP42, with 1:4.3 gear ratio was se-
lected. A i—4 lubricated steel lead screw with bronze nut was
selected as the rotational to linear transmission. A custom helical
spring with sufficient dynamic load capability was designed at the
lab and fabricated off site. The target stiffness was 30 kN/m to 40
kN/m, based on the analysis. The lever arm length is 9 cm. Recall
that the analysis showed that the most energy efficient RE 40
design, 52.3 J/step input energy was a 1:4.6 gear box with a i—S
lead screw, 31 KN/m spring stiftness, 9 cm lever length. However,
due to component availability, the final selection of the gear box
and lead screw was based on a best match with commercial com-
ponents.

Figure 9 shows two perspective views of the spring ankle with
regenerative kinetics (SPARKy) and a side view photograph. A
parallel, two-spring robotic tendon is attached to a custom alumi-
num pylon and to a commercial FS3000 keel from freedom inno-
vations via a lever. The lever is rigidly attached to the keel. Note
that the aluminum pylon was cut to size, and a socket was
mounted for proper limb interface. The computer and electronics
are currently worn as a fanny pack.

SPARKYy is controlled in real time using Real Time Workshop
and SIMULINK from Mathworks. The SIMULINK model is compiled
on to the embedded target PC running the xPC target operating
system. An encoder at the motor, an encoder at the ankle joint, and
an optical switch embedded at the heel provides the necessary
sensor feedback. Advantech’s 650MHZ PC-104 with 512MB on
board memory is selected to run the system. A multifunctional I/O
board from Sensoray Co., Model 526, which is connected to the
PC104 via an ISA bus, controls a RE-40 Maxon DC motor with
encoder feedback. Future prototypes will make use of a comput-
ing system fully contained in the prosthesis.

The SPARKYy controller, as described in Refs. [16,20-22], has a
predetermined gait pattern, which is based on able-bodied gait
data from Ref. [17] and Kinetic analysis from Ref. [16], expressed

011003-6 / Vol. 4, MARCH 2010

as a time-based function embedded in the controller, which drives
the motor controller, and thus, the system. Gait is initiated at heel
strike with activation of an optical switch embedded in the heel.
As the user initiates gait, the motor drives the lead screw nut
through a pattern predetermined for each subject with closed loop
feedback. The ankle, however, is not forced to follow the specific
pattern because the compliant spring is between the motor and
user, safely absorbing environmental irregularities such as a rock
under foot or user errors. This inherent compliance not only pro-
vides for a safer interface, but also allows for a much simpler
control scheme because high-bandwidth, high-precision force
control is not required.

7 The Subject Testing

The collected data in this investigation are primarily the mea-
surements of the kinetics and kinematics of the device, based on
embedded sensor information, motor current, and voltage. The
data was collected during 40 separate test dates over a 6-month
period. The tests were conducted at Arizona State University. All
of the measurements were taken while the subject was walking on
a Lite Gait harnessed treadmill. The tests were conducted under
varying speeds of up to 1.8 m/s (4 mph), which is at the upper end
of normal walking speeds. The testing was approved by the Insti-
tutional Review Boards at Arizona State University and the spon-
soring organization. The data show that power amplification of
over 3 is possible over many walking speeds and conditions, and
was shown consistently throughout the trials. The energy input
requirement is at a level that a portable amount of lithium ion
polymer batteries can support daily powered walking with a single
charge of the batteries. The data also show that the device pro-
vides ankle joint motion and ankle power that is comparable to
able-bodied persons. In terms of user benefit, the device has in-
creased the self selected pace of the user from 0.45 m/s (1 mph)
with his passive prosthesis, to 1 m/s (2.2 mph) with SPARKy. 1
m/s is more consistent with able-bodied persons. In addition, the
one test subject, who has used the device for over 6 months, feels
very strongly about the effectiveness of this device and its benefit.
Prototype testing with three additional users is underway. Initial
observations with the newest users are consistent with the detailed
findings from our initial user reported in this paper.

Finally, in terms of the models used to design the device and
predict its performance, the data shows that the models compare
very well with the actual results. This indicates that the models
have adequately captured the physical system.

7.1 SPARKYy Performance Data. The following series of fig-
ures illustrate the actual electric power P,, power out P,, power at
the nut P,, ankle joint angle 6,, and ankle joint moment M,
compared with the model results. Electric power is determined by
the direct measurement of voltage and current input to the motor.
Since the measurements are continuous, the electric power is syn-
chronized with the heel switch signal to identify the start and end
of each step. Therefore, the captured data can be binned into sepa-
rate gait cycles, based on the heel switch data. Figure 10 is the
illustration of that methodology. Note that the energy input per
step is merely the summation of the area under the electric power
curve.

Figure 11 is the same data set shown in two dimensions. It
provides a better indication of the range of variability, standard
deviation, and mean. The predicted P, is determined by evaluating
Eq. (10) from the model. This figure clearly shows good agree-
ment between measured data and the model. The higher level of
noise in the model is due primarily to the errors generated by the
numerical derivatives used to determine the angular velocity and
angular acceleration components for the inertia effect. Filtering
and smoothing can reduce the noise, the amplitude of the inertia
effect, and consequently, the accuracy of the data, even further.
Note that the models are shifted in time for better alignment with
the test data.
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Fig. 10 Electric power, determined from voltage and current
input readings, for the test subject on a treadmill at 1 m/s with
9 cm lever arm and 36 KN/m spring stiffness. Note that there is
variability in each step, even though the subject is on a tread-
mill that is set at 1 m/s (2.2 mph).

Figure 12 is the measured power at the nut P,, and measured
power out P,, compared with the model. P,, is determined by the
product of the measured nut velocity and the force at the nut. The
force at the nut is determined by the measured spring deflection,
times the spring stiffness. P, is determined by the product of the
measured angular velocity of the lever, effective lever length, and
the same spring force. The power amplification P, peax/ Pry peak 18
approximately 218 W/59 W in this data set. This is an amplifica-
tion of 3.7. This level of amplification could potentially allow an
even smaller Maxon RE 30 motor to power gait. Note that there
seems to be a negative power recorded at heel strike. Part of this
is the compression or even slight buckling in the spring during
loading. Also, power is required during the swing phase to counter
friction, control system delay, etc. These initial and swing phase
conditions are not included in the model.

Figure 13 is the ankle joint angle versus the model, and Fig. 14
is the ankle joint moment versus the model for the same test as

g8 3328
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o ¥ 8§83
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Fig. 11
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above. As mentioned earlier, a large portion of the differences
between the model and test data for the ankle joint moment can be
attributed to the compression or even slight buckling in the spring
during loading and the friction in the system during the swing
phase. These initial and swing phase conditions are not included
in the model. The ankle joint angle is determined by the encoder
at the ankle joint, and the ankle joint moment is determined by the
product of the effective lever length and the spring force. The data
clearly shows that the device provides full ankle motion. This is a
unique achievement because today’s commercially available de-
vices do not provide any plantarflexion during push off, and only
have limited dorsiflexion. The ankle joint moment achieved by
SPARKYy is also much closer to user requirements, and it is an
improvement, as compared with today’s state of the art passive
device where the magnitude of the moment is decreased and de-
layed [16].

As illustrated in Figs. 12—-14, the device provided 100% of
ankle joint power, moment, and ankle joint motion required in gait
while maintaining a power amplification of 3.7. This meets every
goal for phase 1 of the SPARKY project.

8 Conclusion

This research presented the modeling, design, analyses, and
testing of SPARKy 1. We are developing SPARKy 2 to reduce
energy consumption and create more sophisticated control sys-
tems for unstructured walking. In this paper, human subject test
data shows that our approach gains kinetic advantages by lever-
aging the elastic energy potential in uniquely tuned helical
springs. It does this while providing the user the ankle power and
ankle joint movement similar to able-bodied gait.

The analyses focused on a simple series quasistatic system
model. The model provides a process to use springs in series with
motors in designing devices such as SPARKYy. It lays out a meth-
odology of selecting the spring stiffness and lever lengths to de-
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The same electric power data set as in Fig. 10. The dotted line, left figure, is the predicted P, from Eq. (10), and the

solid lines are the raw measurements. The right figure shows the mean and standard deviation of the P, data and the model,

as annotated.
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Fig. 12 Measured power out P, and power at the nut P, with 36 KN/m spring, 9 cm lever at 1 m/s (2.2 mph). The left figure
shows the raw data for the P, and the P, for multiple gait cycles. The right figure shows the mean and standard deviation
of the data and its corresponding models, as annotated. Note that the device achieves a very high level of power amplifi-
cation of 3.7. This is the unique advantage of a robotic tendon.
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Fig. 13 Measured ankle joint angle for the same test series: 9 cm lever arm, 36 KN/m spring, and 1 m/s (2.2 mph). The left
figure shows the raw data for the ankle joint angle for multiple gait cycles and the model. The right figure shows the mean
and standard deviation of the data and the model, as annotated. Note that the device provides ankle joint motion that is
comparable to able-bodied gait.
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Fig. 14 Measured ankle joint moment: 9 cm lever arm, 36 KN/m spring, and 1 m/s (2.2 mph). The left figure shows the raw
data for the ankle joint moment for multiple gait cycles and the model. The right figure shows the mean and standard
deviation of the data and the model, as annotated. Note that the device provides ankle joint moment that is comparable to

able-bodied gait.

termine the minimum peak motor power. This allows the peak
motor power to decrease while providing the user the required
power. The model predicted a power amplification of 3.25. This
power amplification allows the downsizing of the actuator to a
portable level. The test data showed a power amplification be-
tween 3 to 4 consistently, and reaching a power amplification of 6
during the testing phase.

In the analysis of determining the electric power, the research
includes efficiency models for several different DC motors, lead
screws, and gear boxes. It includes the inertia models for the
motor and transmission combination. All of these models together
formed Eq. (10), which is the electric power (true power) required
for walking gait. Evaluating Eq. (10) as a function of several
efficiency parameters: lever length, spring stiffness, lead screw
pitch, and gear ratio narrowed the design space and became the
primary factor in the final design of SPARKYy 1. Testing suggests
that the model adequately characterized the physical system to
include changes in lever length, spring stiffness, and loading.

As such, the modeling allowed a small 150 W motor in combi-
nation with an optimized transmission and set of springs to pro-
vide 200400 W during testing. This size and weight of the sys-
tem is to a level that is comfortably portable to the user while
powerful enough to support this 80 kg subject up to his maximum
walking speed of 1.8 m/s (4 mph). The data suggests that there
may be enough power available to support even larger users at
such speeds.
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Abstract

Purpose — The purpose of this paper is to describe a project which seeks to develop a new generation of powered prostheses based on lightweight,
uniquely tuned, energy-storing elastic elements in series with optimal actuator systems that will significantly reduce the peak power requirement of the
motor and the total system energy requirement while providing the amputee 100 percent of required “push-off” power and ankle sagittal plane range-
of-motion comparable to able-bodied gait.

Design/methodology/approach — This paper presents the design, power, and energy-efficiency analyses, and the results of a five-month trial with
one trans-tibial amputee subject as part of the first phase of the Spring Ankle with Regenerative Kinetics project.

Findings — The data show that by leveraging uniquely tuned springs and transmission mechanisms, motor power is easily amplified more than four
fold and the electric energy requirement is cut in half compared with traditional approaches.

Originality/value — This paper describes an energy efficient, powered transtibial prosthesis currently unavailable commercially. Motor power and

energy requirements are reduced with use of a unique design that employs regenerative kinetics.

Keywords Rehabilitation, Robotics, Prosthetic devices, Limbs, Mechanical systems, Control technology

Paper type Research paper

1. Introduction

There have been significant improvements in prosthetic and
orthotic technologies in recent years. Several prosthetic
companies have produced devices that are more
comfortable, provide life-like cosmeses, provide significant
energy return, and are now even computer controlled. Energy
storage and return (ESAR) devices allow faster walking
velocity and better terrain negotiation (Casillas ez al., 1995;
Rao er al., 1998; Torburn ez al., 1990). They have increased
range of motion; they store and return energy; and they reduce
the needed metabolic requirements (van der Linden ez al.,
1999; Lehmann et al, 1993; MacFarlane er al, 1991;
Postema ez al., 1997a, b).

Hydraulic, pneumatic, motor/gearbox, series-elastic,
electroactive polymer-based, chemical-based and many other
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actuation schemes are also at varying stages of research and
development (Klute ez al., 2002; Au ez al., 2008; Sawicki and
Ferris, 2008; Fite er al., 2008; Versluys ez al., 2008). Other
researchers are working on wearable robot control. From
the highly publicized neuro-controlled bionic arm
(Popular Magazine, 2005) to embedded gait pattern control
(Ward ez al., 2006), electromyography (EMG) motion control
(Au er al., 2005; Ferris er al., 2005) and state-based
control (Pappas ez al., 2001), they are all producing positive
results. The Proprio Ankle by Ossur is the first commercially
available motorized and computer-controlled ankle device that
modulates ankle angle based on the environment, gait, and
conditions to better mimic the kinematics of the lost limb,
however, without the functionality to actively generate power
(Ossur Orthopaedic Products and Services Company, 2009).

2. Power and energy density

A portable, daily-use powered prosthesis such as Spring Ankle
with Regenerative Kinetics (SPARKy) requires both high
power to weight ratio (power density) and energy to weight
ratio (energy density) in an actuator (Hitt, 2008). Without
these limitations, one could take, for example, a RE75 DC
Motor from Maxon Precision Motors, Inc. rated for 250 W
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continuous power to provide the 250 W peak power required
in human gait (80 kg subject at 0.8 Hz walking; Hollander and
Sugar, 2006; Hollander er al, 2006). But this motor in
combination with a gearbox in a traditional approach would
weigh 6-7 kg, which exceeds the weight of a typical biological
below knee limb. Providing the idealized 36] of energy per
step (Hollander and Sugar, 2006; Hollander ez al., 2006) also
becomes an issue because one must consider the efficiency of
the motor, gearbox and other transmission mechanisms,
friction and inertia, and the consumption of energy by the
sensors and electronics. Just the mechanism inefficiency alone
can double the energy requirement. For example, a DC motor
with an average efficiency of 70 percent, connected to a ball
screw at 90 percent and a gearbox at 80 percent multiply to
produce a 50 percent efficiency actuation system. This would
suggest a doubling of the energy input requirement to 72]/
step to provide the necessary 36 J/step at the output end. This
is an optimistic estimate because this does not include several
other factors such as: the energy consumed to counter motor/
actuator inertia, which our tests show, is considerable in a
highly cyclical gait pattern where the motor rapidly changes
direction several times per step, friction in the mechanism or
energy required by the microprocessor, sensors, motor
controller, etc. (Figure 1). One can easily see that actual
energy requirement could grow to three- or fourfold of the
idealized number of 36]J/step in a traditional approach and
consequently increasing the Dbattery requirement
proportionately to non-portable levels. Also under these
circumstances, slow running which may quadruple the peak
power requirement as compared to normal walking (1,000 W
for heel to toe running as compared to 250 W for walking)
would send power and energy density requirements beyond
what can be achieved.

3. Motor power requirement

SPARKYy utilizes the Robotic Tendon (Hollander and Sugar,
2006; Hollander ez al., 2006) actuator to minimize the peak
motor power requirement by correctly positioning a uniquely
tuned helical spring so that the spring provides most of the
peak power required for gait. The Robotic Tendon is a small
and lightweight actuator that features a low energy motor that
is used to adjust the position of the helical spring using a very
simple position controller. The work differs from the series
elastic actuator because the proximal side of the spring is
controlled using position feedback, and the distal side of the
spring is not controlled. Figure 2 shows how the desired

Figure 1 lllustration of the flow of power and energy from the battery

to the user

Microprocessor| .
electronics ;'?‘ef“a
riction

Sensors

Battery Motor —> Gearbox Rotary to I'inerar > User
machanism
nm(va) ng r]Is

Notes: Significant amount of energy islost dueto inefficiency in the
mechanisms, motor, inertia, friction, etc. Proper selection and design can
drastically improve overall system efficiency. The system efficiency is
defined as average output power to the user/average input power from
the battery
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Figure 2 Desired spring deflection, shaded area, is achieved by
controlling the motor position and capitalizing on the cyclical nature of
gait

NLe'\/er position /‘v\

60 0 100
Gait cycle

!
{

Motor position

—0.04 -
Notes: Asthetibiarotates over the stance foot, the lever extends the
springs. Simultaneously, the motor extends the spring in the opposite
direction to achieve the desired spring deflection and via Hooke's Law
the forces required to generate the required ankle moment for walking

spring deflection and consequently via Hooke’s law the
desired force and ankle moment is achieved using a spring.
As the ankle rotates over the foot during the stance phase, a
lever position profile as shown in Figure 2 is obtained. By
correctly positioning the motor, a desired spring deflection as
shown in the shaded area of Figure 2 is obtained. A heavy,
powerful, impedance-controlled motor is not needed because
the Robotic Tendon stores a portion of the stance phase
kinetic energy and additional motor energy within the spring.
The spring releases its stored energy to provide most of the
peak power required during “push off.” Therefore, the power
requirement on the motor is significantly reduced. As
described in Hollander and Sugar (2006) and Hollander ez al.
(2006), peak motor power required is 77 W compared to
250W for a motor/gearbox system in the 80 kg subject at a
0.8Hz example. Consequently, the weight of the Robotic
Tendon, at just 0.95 kg, is seven times less than an equivalent
direct drive motor and gearbox system that is required to
provide the necessary peak power. In other words, the
Robotic Tendon achieves a power density that in essence is
seven times greater than a traditional approach. Figure 3, in
comparison with Figure 1, shows the addition of regenerative

Figure 3 lllustration of the flow of energy from the battery to the user
for the Robotic Tendon model
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friction energy
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Notes: Even though significant amount of energy islost due to inefficiency
in the mechanisms, motor, inertia, friction, etc., the spring and the
regenerative energy that it harnesses is nearly 100% efficient and accounts
for the main share of the output energy. This method also alowsfor a
smaller motor, battery and transmission system
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power and energy made possible with the spring in series with
the motor.

4. Motor energy requirement

SPARKYy increases energy density of the actuation system by
using the spring, which is almost 100 percent efficient, to
provide most of the energy. Additionally, ideal motor energy
requirement, as determined by the integration of the power
curves, is reduced from nearly 36] in the 250 W peak power
case to 21 J/step in the 77 W peak power case described above
(80 kg subject walking at 0.8 Hz). This significantly reduces
the energy input burden of the motor and it allows the much
more efficient helical spring to store and release energy.
Another significant aspect of energy density is motor
efficiency. The RE40 DC Motor by Maxon Precision Motors,
Inc. (2009) currently used in the Phase I SPARKYy is one of
the most efficient motors commercially available for this
application. However, its rated efficiency of 90 percent is only
achieved at a very small range of motor torque and angular
velocity — near 7,000 rpm at 0.1 Nm. Below 2,000 rpm and
above 0.2Nm, motor efficiency quickly drops below
50 percent. The motor efficiency 3D plot is shown in
Figure 4 as a function of motor torque and motor rpm.
Figure 4 shows that there is a narrow range of motor
efficiency above 70 percent. Once the motor slows below
2,000rpm or motor torque exceeds 0.2Nm, the motor
efficiency degrades exponentially. Therefore, the motor
should be properly matched with an appropriate gearing
mechanism that maintains high motor speed and low torque.
On Phase I SPARKYy, a 4.3 gear ratio gearbox from Maxon
rated at 90 percent efficiency, 1/4in.-16 turns/in. ACME 4 start
lead screw and an adjustable length lever are used to achieve high
motor efficiency. A lead screw was selected over other rotation
to translation mechanisms such as a ball screw or a roller screw
for several reasons. A ball screw is highly efficient because of
its rolling contact but is limited in terms of the dynamic load
rating. Roller screws are also very efficient and they have high
dynamic load ratings but the price can be prohibitive.
The efficiency of a typical lead screw is low compared to the
other transmission mechanisms mentioned above. By using

Figure 4 3D plot of the RE40 motor efficiency as a function of motor
torque (Nm) and motor angular velocity (rpm)

91% at (0.1 Nm, 7,000 rpm)

45% at (0.2

15 1 o5 0 O
Motor torgur [Nm] Motor angular velocity [RPM]

Notes: Notice that the highest efficiency of 90 percent is only achieved at
anarrow range of torque and angular velocity. Operating the RE40 at
speeds lower than 2,000 rpm or torque above 0.2 Nm will significantly
degrade the motor efficiency. lllustrated in the figure are two points on
the mesh
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a small diameter lead screw with a proportionately large lead,
one can achieve a lead angle that allows for maximum
efficiency. By selecting a lubricated steel lead screw and
bronze nut, one can achieve a coefficient of friction below 0.1.
The efficiency of our lead screw is 0.7 as determined by the
method outlined in Hollander and Sugar (2006) and
Hollander et al. (2006).

5. SPARKy design

5.1 Mechanical design

The mechanical design of SPARKy has presented several
obstacles that needed to be overcome to maximize the energy
output without limiting the comfort, capability and safety of
the robot. Figure 5 shows two perspectives of the modeled
prosthetic ankle. A new parallel two spring Robotic Tendon is
attached to a custom aluminum pylon and to a commercial
FS3000 Keel from Freedom Innovations via a lever. The
three sensors that provide closed loop feedback are not shown
in these illustrations. The computer and electronics are
packaged in a portable 5 X 7in. case worn at the hip for the
current phase of SPARKy I.

The mechanical design includes two safety features. First,
the threading of the lead screw is removed at both ends to
allow for free spin of the lead screw nut so that the ankle
cannot over extend in plantarflexion or dorsiflexion
directions. Additionally, the ankle joint is mechanically
limited to normal ankle joint ranges as a secondary counter-
measure for over-extension.

5.2 Electronics, sensors and computing

SPARKYy is controlled in real time using Real Time Workshop
and Simulink from Mathworks. The Simulink model is
compiled on to the embedded target PC running the xPC
Target Operating System. An encoder at the motor, an
encoder at the ankle joint and an optical switch embedded at
the heel provides the necessary sensor feedback. Advantech’s
650 MHz PC-104 with 512 MB on-board memory is selected
to run the system. A multifunctional I/O board from Sensoray
Co., Model 526, which is connected to the PC104 via an ISA
bus, controls a RE40 Maxon DC motor with encoder
feedback. Future prototypes will make use of a computing
system fully contained in the prosthesis.

Figure 5 Isometric and side views of current design as modeled in Solid
Works

L eadscrew mechanism

Custom
pylon

Robotic
tendon

Ankle
joint

S3000 keel

Note: The RE40 motor coupled with the robotic tendon provide a
dynamic moment about the ankle joint
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Two safety features are designed into the electronics of the
prototype. A handheld dead man’s switch must remain
engaged to maintain power to the motor. An emergency stop
is incorporated into the power system that an investigator can
use to cut the power to the entire system.

5.3 Control

Together with power and energy density, computer control of
prostheses remains a significant challenge. Efforts towards
control methodology that produce biologically realistic
movement in prostheses and orthoses began in the early
1960s with work such as the Belgrade Hand. However, even
after a half century of work, achieving human-like control is
proving to be very difficult. Work by Au er al. (2005) and
Ferris et al. (2005) in EMG position control and by
Pappas ez al. (2001) in state-based control seems promising
because of its simplicity. Sugar’s (2002) effort to reduce the
control problem using compliant simple force control is a key
finding towards simplifying control methodology and served
as our starting point with the Robotic Tendon.

The SPARKy controller, as described in Hitt er al
(2007a, b), has a predetermined gait pattern, which is based
on able-bodied gait data (Whittle, 1996) and kinetic analysis
(Hollander and Sugar, 2006; Hollander ez al., 20006),
expressed as a time-based function embedded in the
controller, which drives the motor controller and thus the
system. Gait is initiated at heel strike with activation of an
optical switch embedded in the heel. As the user initiates gait,
the motor drives the lead screw nut through a pattern
predetermined for each subject with closed loop feedback.
The ankle, however, is not forced to follow the specific pattern
because the compliant spring is between the motor and user,
safely absorbing environmental irregularities such as a rock
under foot or user errors. This inherent compliance not only
provides for a safer interface, but allows for a much simpler
control scheme because high-bandwidth, high-precision force
control is not required.

6. SPARKy modeling

Ankle joint angle and moment data used in the simulation are
from able-bodied data generated by inverse dynamics of
motion capture and force plate test data and published by
Whittle (1996). The remaining kinetic and kinematic analysis
is derived using a quasi-static approach. MATLAB simulation
of the models showed that a power amplification of up to six
may be possible. Presented here is one of those models
selected for SPARKy Phase I for its simplicity and robustness
in terms of mechanical design and control. Simulation of this
model showed that a power amplification of more than three
is possible while maintaining gait kinematics and kinetics
similar to able-bodied persons.

In the simple series model, the keel and the Robotic Tendon
springs are in series; therefore, the moment in the keel is equal to
the moment in the Robotic Tendon. Motor position is
controlled so that the moment of the Robotic Tendon
matches that of the able-bodied moment data (equation (1)).
K, is the keel stiffness in N/m; K is the spring stiffness in N/m;
B is the radius of the keel deflection in meters; d is the moment
arm due to the keel deflection in meters; and /is the lever length
in meters (Figure 6). Note that the derivation applies small
angle approximations:
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Figure 6 A two degrees-of-freedom model with a seismic excitation
representing the motor excitation, a torsional spring for the keel and a
helical spring between the lever and the motor is shown

Able-bodied ankle
joint angle (rad)

Motor
position

\ x(t)
Able-bodied ankle K
joint moment (Nm)

defletion B

Notes: The moment due to the keel is afunction of (t) and the moment
due to the spring is afunction of x(t)—/6(t). The moment at the ankleis
from published information determined using inverse dynamics of
motion capture and force plate test data as published in Whittle (1992)

Ma(1) = Myea(z) = Mrr(2) (1)
where:

My, from published AB data [24]

Mkeel(t) = _KaBd‘P(z) MRT(Z) = KS(X(I) - la([))l

Solving equation (1) for motor position, x(z), determines the
expression in equation (2):

_ K,Bd
Kl

x(2) = 16(2) ¢(z) (2)
The assumed force in the Robotic Tendon is given by
equation (3):

: ©

The ideal power generated by the motor to move to position x(z)
is given by the product of the force and velocity in the tendon,
equation (4):

(4)

The expression in equation (4) represents the power required by
the motor to generate the desired moment and ankle angle of
able-bodied gait (Whittle, 1996) given that the spring provides
the majority of the required peak power.

Optimization of equation (4) varying keel stiffness, K,, and
spring stiffness, K, showed that a minimum peak motor
power profile is achieved by varying K as shown in Figure 7.
This figure is a surface plot of the peak power at a given spring
and keel stiffness. It shows that a spring stiffness of 32,000 N/
m is optimal in terms of minimum peak motor power. At this
spring stiffness, the peak motor power is at its lowest value of
80W. As the tendon spring becomes rigid, required motor
power reaches that of a rigid system. As the tendon spring
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Figure 7 A surface plot of the peak power from equation (4) varying
K, and K

Stiffness optimization
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Notes: Notice that at a spring stiffness of 32,000 N/m, the minimum
peak motor power of 80 W is achieved. Keel stiffness does not greatly
influence the design in this optimization

stiffness reaches zero, required motor power becomes
asymptotically large.

The results are significant because it shows that SPARKy with
use of a keel and Robotic Tendon can achieve significant kinetic
advantages. With an input power of 80 W from the motor, this
simulation illustrates that SPARKy, with use of springs, can
deliver the required 260 W of peak gait power, which is a power
amplification of 3.25. Figure 8, generated from the simulation,
shows the motor, gait and keel power profiles. Notice that the
motor power peaks at 80 W and the gait power peaks at 260 W.
The keel power profile is not additive because the system is in
series. However, the keel power profile is similar to what is found
in literature describing the power of ESAR keels.

This series model achieves 100 percent of the required peak
gait power with less than one-third of the peak input power
(motor power) by harnessing the energy storage potential of
springs. In addition, because the system’s joint motion is
controlled only by the counter moments of the tendon spring
and keel, kinematics of the system is almost identical to the
desired able-bodied gait (Figure 9). This total motion of
SPARKy provides its user with kinematics similar to
able-bodied gait kinematics representing a significant
improvement from today’s state of the art.

Figure 8 The power profiles for able-bodied gait (system output
power), required motor power and power from the keel (from
simulations)
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Figure 9 The ankle joint angle, the keel deflection angle, and the sum
of both angles (from simulations)
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7. SPARKy testing

SPARKy Phase I device was tested on a single transtibial
amputee male subject for a period of five months walking on a
treadmill. Embedded sensor data such as motor and ankle
encoder information were recorded at varying walking speeds
with varying spring stiffness, lever lengths, and loading
condition. In addition, direct measurements of motor current
and voltage information were recorded. This information was
used to determine the ankle kinematics and kinetics of the
user on the SPARKy device. Figure 10 is a picture of a
transtibial amputee test subject, 80kg, walking over level
ground using SPARKYy.

Figure 11 shows the desired ankle position as modeled
previously and the actual ankle position measured using the
ankle encoder. Testing shows that SPARKYy achieves full ankle
sagittal plane range of motion. The ankle position is quite
accurate and smooth even though the distal side of the spring
is not controlled.

Figure 12 shows the desired motor and gait output powers
determined from our simple series model described earlier.
Using measured spring deflection to determine the force at the
spring and ankle and motor encoder information to determine
the velocity at the motor and at the ankle, motor and output
powers are determined using the product of force and velocity.
The measured powers are in very good agreement with the
modeled powers. Figure 13 shows the measured motor power
and the measured output power for a series of nine gait cycles of
our subject walking at 1.3m/s (3mph). The power
amplification is consistently above 4.5 (peak output power/
peak motor power). The motor only outputs 60 W peak but

Figure 10 A picture of a transtibial amputee using SPARKy overground
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Figure 11 The desired ankle movement and the actual ankle
movement for one walking gait cycle
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Note: The subject was walking at 1 m/s (2.2 mph) on a treadmill

Figure 12 The ideal output and motor power determined by the simple
series model versus the measured output and motor power
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Figure 13 The measured motor power and output power for nine gait
cycles
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Notes: The power amplification is consistently above 4.5 (270W peak/
60Wpeak). Our test data has shown amplifications of six and eight are
possible

SPARKYy with the use of springs delivers 270 W of peak power to
the user. Figure 14 shows the measured power from the motor
and spring. Notice that the spring provides the majority of the
power required during push off.

Electric power used by the motor is determined using the
direct measurement of current and voltage to the motor
(Figure 15). Integration of the electric power provides the
energy input requirement for SPARKy at 1.3 m/s (3 mph) as
43]/s or 43 W. Output power is the product of the measured
ankle velocity and force. Integration of the output power
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Figure 14 The motor power and the spring power sum to the output
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Note: The spring provides the majority of the push-off power required
in gait

Figure 15 The dashed line is the electric power input as determined by
the measured current and voltage to the motor. The solid line is the
same output power shown in Figure 13
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provides the energy output by SPARKYy at 1.3 m/s (3 mph) as
35]/s or 35W. Therefore, the system efficiency in terms of
average power in and out is 0.81. This level of efficiency is
possible because majority of the work is done by the springs.
We have similar data and results with the subject walking at
0.5, 1, 1.3 and 1.8 m/s.

8. Conclusion

We presented in this paper the design, analysis and testing of
the Phase I SPARKy. We showed that this approach gains
kinetic advantages by leveraging elastic energy potential in
uniquely tuned helical springs. As the tibia rotates over the
stance foot ankle during walking gait, we position the spring to
maximize elastic energy storage. We presented the synergistic
benefits of the Robotic Tendon in terms of motor efficiency and
power and energy reductions. We presented test data to show
that we achieved a power amplification of 4.5 consistently with
the motor providing a peak of 60 W and the spring providing
the remaining 210 W so that the user had a peak of 270 W at
push off while walking at 1.3 m/s (3 mph). We showed that the
system is 81 percent efficient in terms of the average electric
power into the motor (43 W) and average mechanical power
out to the user (35W). This level of efficiency is possible
because the springs perform the majority of the work. We also



Robotic transtibial prosthesis

Industrial Robot: An International Journal

Joseph Hirr et al.

show that SPARKy can provide 100 percent of the push-off
power required in walking gait while maintaining gait
kinematics similar to able-bodied gait.
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Abstract— With microprocessing power greatly increasing,
hardware is no longer a hurdle in the development of controllers
for wearable robotic systems, specifically lower limb robots.
The challenge remains in developing smart algorithms that are
able to detect which task a person is about to perform and
then determine the correct desired movements for the robotic
system. This paper reflects on four existing control algorithms
for the task of level ground walking, and then presents theory
and test results of a novel control algorithm based on phase
plane invariants. The goal of this paper is to produce the correct
motor reference command in a continuous fashion rather than
based on determining distinct states for a given task.

I. INTRODUCTION

Many people will benefit from a powered ankle. There are
approximately 1.35 million people in the U.S. who are living
with an amputation of the lower limbs and it is estimated that
this number will more than double by the year 2050 [1], [2].
Moreover, there are about 4.7 million stroke survivors alive
today in the United States, with about 700,000 additional
cases each year [3]. Many of these stroke survivors could
benefit from repetitive task training using a powered ankle
foot orthosis. These numbers do not include other groups
of people such as the weak or elderly who need a gait
assistance device or other groups who suffer from a different
neurological injury.

When building these robots, the current challenge is
to develop sophisticated controllers since the mechanical
systems in many cases have been (or are being) refined
[4], [5], [6], [7]. In controls, it is no longer the hardware
that is a bottleneck, but determining the user’s intention is
a very difficult challenge. One must determine smart and
sophisticated algorithms that are able to sense which task a
person is about to perform and then generate the the correct
robotic movements. There are numerous tasks that a person
performs during every day life, ranging from normal walking,
to climbing stairs, walking up or down a slope, or even just
balancing their legs while they are standing and talking to
another person.

This paper firstly will reflect on some existing control
methods and then present the theory and test results for a
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novel control concept based on phase plane invariants for
wearable ankle robotics.

II. EXISTING CONTROL ALGORITHMS

Over the past couple of years, several different control al-
gorithms have been developed to control wearable robots for
lower limbs. In this section some of the existing controllers
are shown and briefly analyzed. The control algorithms
presented in the first three sections have a structure shown
in Fig. 1, where a DC motor is controlled in series with a
transmission and linear spring that is attached to the ankle.

A. Basic Nut Control

One possibility to control a robot with the structure in
Fig. 1 is to control the position y which in this case is
the position of the nut on the lead screw. In this case, the
proximal or input side of the spring is controlled. The actual
nut position y, can easily be measured with a motor encoder
and then subtracted from a given reference command 7.

The advantages of the system are that the input side of
the spring is robustly controlled and small disturbances at
the distal side (output side) of the spring are ignored by the
controller.

However, limitations are reached with a fixed nut pattern
as soon as optimization of the controller for certain stages
during gait is desired, or if the reference command, which
essentially is a gait pattern, must be adjusted for different
walking speeds or different activities such as walking versus
stair climbing. Oymagil et al. [8] have developed a controller
that adjusts a pattern only in its duration in time; however,
there are limitations since the amount of plantarflexion varies
with speed as well. For example, when walking slowly, less
plantarflexion is needed. In further refinement, a dynamic
pace controller is described that adjusts the nut pattern both
in time and in shape.

cht

Fig. 1. Model for an actuator for the lower limbs

3845

Authorized licensed use limited to: Arizona State University. Downloaded on November 10, 2009 at 12:36 from |IEEE Xplore. Restrictions apply.



Drorsiflexion
(Toes-Up)

=1

Plantarflexion
{ Toez-Dowi)

Angle (degrees)
o

0O 10 20 30 40 S0 B0 7O 80 80 100
% Gait Cycle

Fig. 2. The stance phase of gait split into 5 distinct zones.

B. Robust Control

In [9] the authors describe an algorithm, which combines
velocity and stiffness control. The stance phase of gait is
split into five different zones and each zone is governed by
velocity or stiffness control as shown in Fig. 2. For zone 1,
which starts at heel strike, Hollander suggests to use velocity
control to keep the motor velocity constant and at a level
proportional to the speed of the previous swing phase.

Zone 2 starts when the ankle angular velocity, €, crosses
through zero. For this zone it is suggested to maintain
a constant stiffness which is 1.35 times the actual spring
stiffness.

For, zone 3, which starts when the foot is flat and occupies
most of the loading phase, again a constant stiffness should
be applied which is 3 times the actual stiffness of the spring.

Zone 4 starts when the heel lifts off the ground. It is
suggested to maintain a constant velocity during this zone
that is equal to the motor velocity in the previous zone.

Zone 5 starts as the body can no longer resist the energy
that was stored in the spring and therefore the energy is
released which propels the body forward. For this phase it
is important for the motor to just “hold position”, hence
allowing the energy to be released. The end of this zone
is when all the stored energy of the spring has been released
and the swing phase begins.

Promising test results have been achieved with this method
and this algorithm is currently being optimized and tested in
more detail. What is really interesting about this approach
is that the shape of the motor profile is determined by only
a few (five) numbers. These are the velocities and stiffness
values that need to be set for each zone. By “tuning” these
numbers, curves with different shapes can be produced,
hence, one can use this basic control structure to produce
profiles for different activities, such as climbing stairs or
walking on different types of ground, simply by changing
these parameters in an appropriate way.

C. Impedance Control

In this control method a mass-damper-spring relationship
between a position x and force f is established as shown in

(D).

f=mgZ+ byt + Kyx (1)

Herein my, by and K4 denote desired or virtual inertia,
damping and stiffness values of the system or plant. The
advantage of this control method is its flexibility. It allows

one to change the effective dynamics of the robot, hence, the
resistance of the robot to variations in its environment, such
as different types of surfaces. This requires, however, that
the force f that the robot experiences with its environment
is known [10]. This control method can use much energy
if the dynamics of the robot are greatly different than the
desired dynamics.

Blaya and Herr have shown that impedance control can
assist patients with drop-foot gait. Two drop-foot patients
were tested with their AAFO with zero, constant and vari-
able impedance control strategies. They found that constant
impedance control eliminated the occurrence of foot slap
at slow and self-selected speeds. Furthermore, their variable
impedance control strategy was able to increase the amount
of swing dorsiflexion which helps with toe drag reducing hip
circumduction [11].

D. Myoelectric Control

As mentioned before, one of the main challenges with
controlling artificial limbs is to detect which activity the
person is about to perform. All algorithms presented to this
point measure positions, forces, states, etc. and then try to
find a unique shape in these curves that enables the algorithm
to make a decision. Hence, the question arises, why not
measure the EMG signals of the muscles. EMG signals
are measured by electrodes, filtered and used as reference
commands.

Ferris et al. [12], [13] have used EMG signals from the
soleus and tibialis anterior to control their pneumatically
powered AFO. The raw EMG signals were firstly passed
through a second order high-pass filter to remove movement
artifacts. Then the signals were full-wave rectified and passed
through a second order low-pass filter to obtain a smooth
control signal. A threshold is used to eliminate background
noise and the signal is scaled by an adjustable gain to
calculate the final control signal.

Test results with their powered AFO showed that the
person was able to walk immediately after turning on the
proportional myoelectric control. The pneumatic muscles
supplied 36% of the needed plantar flexor torque and 123%
of the needed dorsi flexor torque.

Challenges that remain with this control approach are the
process of obtaining a robust control signal from the raw
EMG signals and there are many factors that influence the
correlation between surface electromyography amplitude and
biological muscle force.

III. TIBIA BASED CONTROLLER

The tibia based controller seeks to find a measurable vari-
able to determine a mathematical relationship between the
tibia angle and ankle angle. The tibia global angular position
(world based coordinates) was chosen for this relationship
because of its simple shape (Fig. 3). Looking at the different
curves shown in Fig. 3, it is important to notice that each
different stride length produces an almost identical curve,
only scaled by some function of stride length. It is also
of note that if the curve is divided into two parts at the
minimum point, 70% of the gait cycle, each resulting half
becomes an invertible function of gait percent. Each half can
also be distinguished from one another by the slope of each
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Fig. 3. Tibia angle profile for able bodied human gait. Each curve represents
a different stride length. The closer the curve is to the zero degree axis, the
shorter the stride length.

curve, which is negative for the first half and positive for
the second half. Measurement of the tibia angle can also be
accomplished with a sensor attached to the prosthetic device
and requires no additional measurements or sensors on other
parts of the body. The aforementioned characteristics make
the tibia global angle a wise choice for a prosthetic controller.

Since our previous controllers have shown that using
logic to make gait decisions can create situations in which
the controller is fooled, it is desired that the tibia based
controller be completely continuous. To develop a continuous
controller, a relationship between the tibia angle and desired
ankle angle is required. As previously mentioned, the tibia
angle versus gait percent curve (Fig. 3) is not invertible as a
whole. To make a function that is solvable, the tibia angular
velocity dimension is added and the curve is plotted with
tibia angle on the horizontal axis and tibia angular velocity
multiplied by a scaling factor on the vertical axis. We are
borrowing phase plane analysis from control theory. The
resulting curves shown in Fig. 4, are for increasing stride
length as the curves get larger. The coordinates in Fig. 4,
instead of being represented in Cartesian coordinates of angle
and angular velocity, will be represented by polar coordinates
® and 7.

From Fig. 4, it is apparent that the polar angle ® must be
related to gait percent by some function for each different
stride length curve. The relationship between ® and gait
percent is plotted for each different stride length in Fig. 5.
Of note is the fact that for each different stride length curve,
the function relating ® to gait percent is very close, and
is invertible. Also shown in Fig. 5, gait percent is plotted
versus polar angle ®. A fit to this function means that for
any stride length, if tibia global angle and angular velocity
are measured and the polar angle is calculated, the result
can be used as an input to the fitted function, giving an
explicit relationship between tibia angle and gait percent. In
our work, this explicit function is invariant to stride length.

With the new function, calculating gait percent is a
straightforward operation, but ankle angles also depend on
stride length. From Fig. 4, it can be seen that in general,
the longer the stride length, the longer the polar radius r.

However, it must also be noted that any function that relates
stride length to » must also be a function of polar angle ®.
The result of plotting polar radius r versus stride length and
gait percent is shown in Fig. 6.

A surface plot or function that relates radius r to stride
length and gait percent can be found; however, the inverted
relationship of stride length as a function of gait percent and
radius r is needed. From Fig. 6, at 25% in the gait cycle, the
inverted relationship is not one-to-one because the resulting
surface will be near vertical and will have multiple values
for a single point (gait percent, radius). The reason for this
problem is shown in Fig. 3 at 25% in the gait and Fig. 4 at
the bottom and middle of the curves where they are bunched
up together.

Again from Fig. 4, the problem area occurs at angular
velocity -5 and angle 0. At this point each stride-length
curve enters the bunched area with a different approach. If a
simple first order filter is used on radius 7, the curves can be
separated. Fig. 7 shows the result of such an approach. The
resulting surface is flattened out, and for every combination
of radius and gait percent, there is one value of stride length.
It must also be understood that when using an aggressive first
order filter, there will be some attenuation and phase lag. This
lag can be reduced by comparing the measured and filtered
r not to the actual radius surface (shown as before filter in
Fig. 7), but to the expected filtered surface (shown as after
filter in Fig. 7).

By implementing the previously discussed method of
calculating gait percent and stride length, an ankle angle is
generated using motion capture data from the literature. The
ankle angle as a function of stride length and gait percent
can be easily measured. The resulting surface can then be fit
with a function or a look up table. Depending on what robot
is being controlled, the controller will generate a desired
position, an example of which is shown in Fig. 8.

In our research group, we no longer use gait curves, but
develop and manipulate gait surfaces such as Fig. 8.

&0 _—

Angular Velocity

Angle

Fig. 4. Tibia angular velocity multiplied by a scaling factor versus tibia
angle. The closer the curve is to the origin, the shorter the stride length. Polar
angle ® represents the progression around the curve based on gait percent.
r is the polar radius and is related to the stride length of the particular
curve.
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Fig. 6. Polar radius r versus gait percent and stride length. Unlike @, r is
different for different stride lengths. At 25% in the gait cycle, the surface is
flat along the stride length axis. This flatness creates a problem when trying
to invert this surface to obtain stride length as a function of gait percent
and polar radius.

IV. IMPLEMENTATION AND RESULTS

An interesting problem associated with the implementation
of such a controller is accurately measuring the tibia global
angle and angular velocity. In our experimental measure-
ments, an angular rate sensor was used. This sensor outputs
a voltage proportional to the rate at which it turns. To
determine an angle from an angular velocity sensor, it is
necessary to integrate the output. However, since the sam-
pling is discrete; the sensor outputs noise; and the integration
is numerical, the angle will drift. If the angle drifts away
from its true value, the reference ankle angle generated
will be completely wrong. To correct this problem methods
such as strap down integration were considered, but were
not employed due to the necessity of additional sensors
and physical system complexity. A Kalman filter was also
considered. The Kalman filter was not used again because
of the necessity of additional sensors. Both methods could
have been employed to get an accurate measure of the tibia

400

Polar Angle &

] I 1 1 1 1 1 by
o 1a 20 a0 40 a0 B0 70 a0 El] 100

Gait Percent

(b) Inverted curves, polar angle ® versus gait percent

Note the close relation between all of the curves. The relation between polar angle and gait percent is very close for all stride lengths.

Before Filter

Polar Radius R

Stridelength

Gait Percent

Fig. 7. Same plot shown in Fig. 6 (orange). The blue surface is the result
of filtering the polar radius with a first order filter. This new surface can
be inverted to find a function that relates stride length as a function of gait
percent and polar radius.

angle. However, when looking at test data of tibia angles
from multiple subjects, it is apparent that they are all unique.
Curves from different subjects will vary in shape and will
be shifted in angular units. The shape difference is mostly
due to the individual’s gait pattern. The shifted angle is due
to the angle that the leg is at when the discrete integration
begins. Both of these properties will cause difficulties for the
tibia controller calculations.

The solution employed was to use a transfer function in
place of a simple integrator. The form of the function is
shown in (2).

T28

s+ 12 @

It can be seen that for frequencies above 7 the transfer
function (2) approximates an integration in magnitude very
well and phase sufficiently well (see Fig. 9). For frequencies
above 7 the magnitude is very close to that of an integrator,
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Fig. 8. Position of the nut in meters as a function of stride length and
gait percent. Once gait percent and stride length are known, it is simply a
matter of looking up the corresponding nut position.

any differences are caused by the phase lag that is introduced.
Depending on what value is chosen for 7, the lag is not
significant for frequencies which arise from gait patterns.
Also, the small amount of lag is not a problem because
the controller can be tuned to expect this as an input.
An integrator naturally has 90° of phase lag and is not a
problem because it is expected. Also, the physical meaning
of the exact angular input is not important, only that it
uniquely corresponds to the output that is desired. Another
desirable property of the pseudo-integration method is the
removal of the integration drift. An integrator has a pole on
the imaginary axis, which makes it marginally stable and
therefore the output is able to drift. The pseudo-integration
transfer function (2) has two stable poles, which eliminate
the drift. By choosing 7 one can choose how fast are the
poles. This has the effect of constantly pulling the output
toward the input, which is the angular velocity. Since the
angular velocity is always centered around 0O, the pseudo-
angle will also be approximately centered around O since it
is stable and attracted to the input.

The choice of 7 is a compromise. First 7 can be chosen
to adjust the phase lag. Some lag is reasonable as previously
discussed, but it is also important that the pseudo-angle
be kept approximately 90° out of phase with the angular
velocity because of the way Fig. 4 is constructed. If not,
the ’bean” shape will become a diagonal line and the polar
coordinate strategy will be foiled.

Secondly the value of 7 has an effect on how fast are the
poles of the transfer function. By choosing faster poles the
output is more stable. This has two desirable effects, drift is
lower, and the initial condition of the angle is less important.
The initial condition of the leg or orientation of the sensor
when the controller is started would be an enormous prob-
lem if other methods of integration were employed. Since
the pseudo-integrator is stable, initial conditions are not a
problem. The output is always trying to center itself around
0, and it is self correcting even for large deviations in the
initial condition. By choosing an appropriate value for 7 the
controller can correct itself quickly while keeping acceptable
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Fig. 9. Bode plot of the pseudo-integrating transfer function along with
an integrator.

amounts of lag.

Thirdly, the pseudo-integrator has the characteristic of
deindividualization of the output between unique subjects.
Notice in Fig. 9 that for frequencies smaller than 7; there
is heavy attenuation. The value for 7 also has an effect on
which frequencies are attenuated. If 7 is chosen correctly,
the shape of the curves from different individuals are pulled
together so that they are similar. The result is a much more
robust controller which can be tuned on one individual and
will work well for many.

It was thought at first that this was not a desirable method
because it does not give the true tibia global angle, but in
experiments, it does not matter what the input is to the con-
troller calculations, as long as the calculations are expecting
this input. An added benefit to the filtering method is that
it makes actual tibia global angle curves which are slightly
different between multiple subjects almost indistinguishable.
The result is that the controller can be configured for one
person and it will work for almost any user. (Filtered data
was calculated when four people walked on a treadmill and
over ground.)

For testing the controller, the functions and fits were
conducted using data from an able bodied subject. The
controller was implemented on the SPARKy robot. An am-
putee subject walked with stride lengths ranging from very
slow to as fast as the subject could walk. The gait percent
detection of the controller was always within 5 percent, a
very encouraging result shown in Fig. 10. The stride length
calculated oscillated smoothly with an error of about 10%.
The overall result is a controller that operates smoothly for
any stride length or gait percent. An example controller
output is shown in Fig. 11.

Advantages of the controller include the ability to update
the ankle position as fast as the sampling time of the sensors.
The controller is never committed to one state of operation
looking for another event to decide what to do. For example,
the user can take a slow step, and in the middle of push off,
they can quickly accelerate to a fast walk and the controller

3849

Authorized licensed use limited to: Arizona State University. Downloaded on November 10, 2009 at 12:36 from |IEEE Xplore. Restrictions apply.



Gait Percent

I
0 05 1 15 2 25 3 35 4 45
Time (sec)

Fig. 10. Gait percent results walking at 2.5 mph. Dotted line is the target
value and solid line is gait percent as calculated by the tibia controller.

5

o
w
i3]
L 5
j=]
@O
h=)
~ 10
i
o
&5

ol

: , : : : : : ‘ | | ‘
263 264 265 266 267 268 263 27 27 272 273
time (sec) w10t
Fig. 11. Gait percent results walking at 2.5 mph. Ankle angle as calculated

by the tibia based controller. Compare to Fig. 2.

will accelerate the ankle. The tibia based controller can also
be configured on able bodied persons and operate well on a
wide range of users. Another advantage, the details of which

and fast walking. We also showed a more complicated
relationship between the polar angle and radius to determine
stride length. We believe that this continuous method of
determining gait percent, stride length, and thus forward
velocity is a very important step in our wearable robotics
research.
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on phase plane invariants is introduced. It has been shown 2004,
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speeds on a treadmill. The tibia controller has the advantage 21, pp. 189-197, 2005.
of not relying on logic to switch between states while
only requiring one sensor. This type of controller is much
more stable and adaptive to the user. This new controller is
functionally superior to our existing controllers.
Most importantly, we showed an invariant phase-plane
relationship for the tibia angular velocity and position. In
our phase plane analysis, the phase angle, ®, was invariant
to small or large changes in stride length. Using one variable,
®, we are able to determine gait percent for slow, normal,
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Control Algorithms for Ankle Robots: A Reflection on the
State-of-the-Art and Presentation of Two Novel Algorithms

Matthew A. Holgate, Alexander W. Bohler, Thomas G. Sugar

Abstract— With computer speeds greatly increasing, hard-
ware is no longer a hurdle in the development of controllers
for wearable lower limb robots. The challenge remains in
developing smart algorithms that are able to detect which task
a person is about to perform and then supply the robot with the
correct desired movements. This paper reflects on some existing
control algorithms and then presents theory and test results of
two novel concepts. The goal of this paper is to show that the
two new concepts are capable of producing the correct motor
profile.

I. INTRODUCTION

Many people could benefit from a powered ankle. There
are approximately 1.35 million people in the U.S. who are
living with an amputation of the lower limbs and it is
estimated that this number will more than double by the
year 2050 [1], [2]. Moreover, there are about 4.7 million
stroke survivors alive today in the United States, with about
700,000 more cases each year [3]. Many of these stroke
survivors could use a powered ankle foot orthosis. These
numbers do not include other groups of people such as the
elderly or people who suffered from a different neurological
injury, who could also benefit from a powered ankle.

When building these robots, the challenge now is to de-
velop sophisticated controllers since the mechanical systems
in many cases have already been refined [4], [5], [6], [7]. In
controls, it is no longer the hardware that is a bottleneck, but
determining the user’s intention is a very difficult challenge.
One must determine smart and sophisticated algorithms that
are able to sense which task a person is about to perform and
then generate the the correct robotic movements. There are
numerous tasks that a person performs during every day life,
ranging from normal walking, to climbing stairs, walking up
or down a slope, or even just balancing their legs while they
are standing and talking to another person.

This paper firstly will reflect on some of our existing
control methods and then present the theory and test results
for two novel control concepts for wearable ankle robots.

II. EXISTING CONTROL ALGORITHMS

Over the past couple of years, several different control
algorithms have been developed to control wearable robots
for the lower limbs. In this section some of the existing
controllers are shown and briefly analyzed. The control al-
gorithms presented in the first three sections have a structure
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shown in Fig. 1, where a DC motor is controlled in series
with a transmission and linear spring that is attached to the
ankle.

A. Basic Nut Control

One possibility to control a robot with the structure in
Fig. 1 is to control the position y (which in this case is
the position of the nut on the lead screw), which is the
backside of the spring. The actual nut position y, can easily
be measured with a motor encoder and then subtracted from
a given reference command r.

However, limitations are reached with a fixed nut pattern
as soon as optimization of the controller for certain stages
during gait is desired, or if one wants the reference command,
which essentially is a gait pattern, to adjust itself for different
walking speeds or different activities such as walking versus
stair climbing. Oymagil et al. [8] have shown the adjustment
of a pattern only in its duration in time; however, there
are limitations since the amount of plantarflexion varies
with speed as well. For example, when walking slowly,
the behavior of the robot feels unnatural. A dynamic pace
controller is described in this paper to adjust the nut pattern
both in time and in shape.

B. Robust Control

In [9] the authors describe an algorithm, which combines
velocity and stiffness control. The stance phase of gait is
split into five different zones and each zone is governed by
velocity or stiffness control as shown in Fig. 2. For zone 1,
which starts at heel strike, the author suggests to use velocity
control to keep the motor velocity constant and at a level
proportional to the speed of the previous swing phase.

Zone 2 starts when the ankle angular velocity, 6, crosses
through zero. For this zone it is suggested to maintain
a constant stiffness which is 1.35 times the actual spring
stiffness.

For, zone 3, which starts at flat foot and occupies most
of the loading phase, again a constant stiffness should be
applied which is 3 times the actual stiffness of the spring.

K act

Fig. 1. Model for an actuator for the lower limbs
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Fig. 2. The stance phase of gait split into 5 distinct zones.

Zone 4 starts when the heel lifts off the ground. It is
suggested to maintain a constant velocity during this zone
that is equal to the motor velocity in the previous zone.

Zone 5 starts as the body can no longer resist the energy
that was stored in the spring and therefore the energy is
released which propels the body forward. For this phase it
is important for the motor to just “hold position”, hence
allowing the energy to be released. The end of this zone
is when all the stored energy of the spring has been released
and the swing phase begins.

Good first test results have been achieved with this method
and this algorithm is currently being optimized and tested in
more detail. What is really promising about this approach is
that the shape of the motor profile is determined by only a
few (five) numbers. These are the velocities and stiffnesses
that need to be set for each zone. By “tuning” with these
numbers, curves with different shapes can be produced,
hence, our hope is that we can use this basic controller
structure to produce profiles for different activities, such
as climbing stairs or walking on different types of ground,
simply by changing these parameters in an appropriate way.

C. Impedance Control

In this rather extensive control method a mass-damper-
spring relationship between a position x and force f is
established as shown in (1).

f=mgi 4+ bgi + Kgx (D

Herein my, by and K4 denote desired or virtual inertia,
damping and stiffness of the system. The advantage of this
control method is its flexibility. It allows one to change the
effective dynamics of the robot, hence, the resistance of the
robot to variations in its environment, such as different types
of ground. This requires, however, that one knows the force
f that the robot experiences with its environment [10].

Blaya and Herr have shown that impedance control can
assist patients with drop-foot gait. Two drop-foot patients
were tested with their AAFO with zero, constant and vari-
able impedance control strategies. They found that constant
impedance control eliminated the occurrence of foot slap
at slow and self-selected speeds. Furthermore, their variable
impedance control strategy was able to increase the amount
of swing dorsiflexion which helps with toe drag, a second
major complication that drop-foot patients experience [11].

Angle (deg)

0 i i ; . ; i
] im0 30 40 50 B0 70 8D 80 100
Gait Percent

Fig. 3. Tibia angle profile for able bodied human gait. Each curve represents
a different stride length. The closer the curve is to the zero degree axis, the
shorter the stride length.

D. Myoelectric Control

As mentioned before, one of the main challenges with
controlling artificial limbs is to detect which activity the
person is about to perform. All algorithms presented to this
point measure positions, forces, states, etc. and then try to
find a unique shape in these curves that enables the algorithm
to make a decision. Hence, the question arises, why not
measure the EMG signals. EMG signals are measured by
electrodes, filtered and used as reference commands.

Ferris et al. [12], [13] have used EMG signals from the
soleus and tibialis anterior to control their pneumatically
powered AFO. The raw EMG signals were firstly passed
through a second order high-pass filter to remove movement
artifacts. Then the signals were full-wave rectified and passed
through a second order low-pass filter to obtain a smooth
control signal. A threshold is used to eliminate background
noise and the signal is scaled by an adjustable gain to
calculate the final control signal.

Test results with their improved powered AFO showed
that the person was able to walk immediately after turning on
the proportional myoelectric control. The pneumatic muscles
supplied 36% plantar flexor torque and 123% dorsi flexor
torque.

Challenges that remain with this controls approach are the
process of obtaining a robust control signal from the raw
EMG signals and that there are many factors that influence
the correlation between surface electromyography amplitude
and biological muscle force.

III. NOVEL CONTROLLERS
A. Tibia Based Controller Theory

The tibia based controller seeks to find a measurable vari-
able to determine a mathematical relationship between the
tibia angle and ankle angle. The tibia global angular position
(world based coordinates) was chosen for this relationship
because of its simple shape (Fig. 3). Looking at the different
curves shown in Fig. 3, it is important to notice that each
different stride length produces an almost identical curve,
only scaled by some function of stride length. It is also



of note that if the curve is divided into two parts at the
minimum around 70% gait cycle, each resulting half becomes
an invertible function of gait percent. Each half can also
be distinguished from one another by the slope of each
curve, which is negative for the first half and positive for
the second half. Measurement of the tibia angle can also be
accomplished with a sensor attached to the prosthetic device
and requires no additional measurements or sensors on other
body parts. The aforementioned characteristics make the tibia
global angle a wise choice for a prosthetic controller.

Since previous controllers have shown that using logic
to make gait decisions can create situations in which the
controller is fooled, it is desired that the tibia based controller
be completely continuous. To accomplish this, a relationship
between the tibia angle and desired ankle angle is required.
As previously mentioned, the tibia angle versus gait percent
curve (Fig. 3) is not invertible as a whole. To make a function
that is solvable, the tibia angular velocity dimension is added
and the curve is plotted with tibia angle on the horizontal
axis and tibia angular velocity multiplied by a scaling factor
on the vertical axis. The resulting curves shown in Fig. 4,
are for increasing stride length as the curves get larger.
The coordinates in Fig. 4, instead of being represented in
Cartesian coordinates of angle and angular velocity, will be
represented by polar coordinates ® and 7.

Looking at Fig. 4, it is apparent that the polar angle ®
must be related to gait percent by some function for each
different stride length curve. The relationship between &
and gait percent is plotted for each different stride length
in Fig. 5. Of note is the fact that for each different stride
length curve, the function relating ¢ to gait percent is very
close, and is invertible. Also shown in Fig. 5 is gait percent
plotted versus polar angle ®. A fit to this function means
that for any stride length, if tibia global angle and angular
velocity are measured and the polar angle calculated, the
result can be used as an input to the fitted function, giving
an explicit relationship between tibia angle and gait percent.

Calculating gait percent is a straightforward operation, but

&0 _—

Angular Velocity

Angle

Fig. 4. Tibia angular velocity multiplied by a scaling factor versus tibia
angle. The closer the curve is to the origin, the shorter the stride length. Polar
angle ® represents the progression around the curve based on gait percent.
r is the polar radius and is related to the stride length of the particular
curve.

Polar Radius R

Gait Percent

Stridelength

Fig. 6. Polar radius r versus gait percent and stride length. Unlike &, r
is different for different stride lengths. Note that around 25% of gait cycle
the surface is flat along stride length. This creates problems when trying to
invert this surface to obtain stride length as a function of gait percent and
polar radius.

ankle angles also depend on stride length. Looking back at
Fig. 4 it can be seen that in general, the longer the stride
length, the longer the polar radius r. However, it must also
be noted that any function that relates stride length to r must
also be a function of polar angle ®. The result of plotting
polar radius r versus stride length and gait percent is shown
in Fig. 6.

It is easy to find how radius r is related to stride length and
gait percent; however, the needed relationship is stride length
as a function of gait percent and radius r, the two known
variables. Looking at Fig. 6 it is obvious that this will be
a problem around 25% of gait because the resulting surface
will be near vertical and will have multiple values for a single
point (gait percent, radius). The reason for this is shown in
Fig. 3 at around 25% of gait and Fig. 4 at the bottom middle
of the curves where they are bunched up together.

Looking again at Fig. 4 around the problem area at about
angular velocity -5 and angle O, it can be seen that each
curve enters the bunched area with a different approach. If a
simple first order filter is used on radius 7, the curves can be
separated. Fig. 7 shows the result of such an approach. The
resulting surface is flattened out and for every combination
of radius and gait percent there is one value of stride length.
It must also be understood that when using an aggressive
first order filter, there will be some attenuation and phase
lag. This is taken care of by comparing the measured and
filtered r not to the actual radius surface (shown as before
filter in Fig. 7), but to the expected filtered surface (shown
as after filter in Fig. 7).

By implementing the previously discussed method of
calculating gait percent and stride length, generating an ankle
angle is a simple matter. The ankle angle as a function of
stride length and gait percent can be easily measured. The
resulting surface can then be fit with a function or a look
up table. Depending on what robot is being controlled, the
controller will generate a desired position, an example of
which is shown in Fig. 8.
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Fig. 7. Same plot shown in Fig. 6 (orange). The blue surface is the result of
filtering the polar radius with a first order filter. Note how the new surface
can be easily changed to be stride length as a function of gait percent and
polar radius.

B. Dynamic Pace Control

A second controller being developed in our lab will be
discussed next.

Generally, it can be said that the amplitudes of plantarflex-
ion and dorsiflexion become smaller with lower speeds and
grow with larger speeds respectively. The latest approach
concerning this problem is to adjust the nut profile not only
in its duration in time but also in its amplitude.

For the dynamic pace controller firstly a standard motor
curve for a stride time of 1s is calculated. The amount
of plantarflexion that this curve provides is then scaled
up and down for faster and slower walking. This yields
five different nut profiles for five different stride times. To
obtain a continuous spectrum of nut profiles depending on
the stride time the Fourier coefficients of each profile are
calculated using a Fast Fourier Transform (FFT) as shown
below, note that the symbols in boldface are matrices. R is a
5xn matrix of points describing the five different nut profiles
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(b) Inverted curves, polar angle ® versus gait percent

Note the close relation between all of the curves. The relation between polar angle and gait percent is very close for all stride lengths.
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Fig. 8. Position of the nut in meters as a function of stride length and

gait percent. Once gait percent and stride length are known, it is simply a
matter of looking up the corresponding nut position.

as a percentage of gait.
F, = fft (R) 2)

These coefficients are then fit with a 2" order polynomial
of the form

F, = AT 3)

with the matrices A being the coefficient matrix and T being
the independent variable matrix based on the time duration of
each gait cycle. Since T is not square we need to multiply (3)
with the transpose of T first before we can take the inverse
and multiply from the right to obtain A.

A=F, 17 (TT") " “)

Now, given the matrix A and a desired stride time tg,
equation (3) can be used to calculate the Fourier coefficient
vector f,, for the desired stride time. Note that the matrix
T will become a vector because we are only looking at one



distinct stride time. Taking the inverse Fourier transform then
yields the function for the motor reference command.

r(t) = ifft (f) )

Fig. 9 shows the polynomial fit for the Fourier coefficients
and Fig. 10 shows a 3D plot of nut profiles for different stride
times, generated with the presented algorithm. It can be seen
that time and amplitude of the profiles is adjusted.

Note that the generated nut profiles are also fit with
a spline interpolation. This yields a smooth, high quality
reference command, which is easy to follow and reduces
the overall noise of the motor. As will be seen in IV very
good results have been obtained with this method in terms of
wearer comfort and power output to input ratios. However,
there a few difficulties that remain.

Firstly, one still needs to compute different nut profiles
for persons with different weights. Secondly, the controller
cannot be optimized for different stages during gait or for
different situations. One can easily imagine that, as soon
as a person is walking over uneven ground instead of on a
treadmill, the whole profile will change as well. Thirdly, this
method will always be one gait cycle too late, since it uses
the stride time of the last gait cycle to adjust the current gait
cycle. These difficulties will be addressed in our future work.

IV. TEST RESULTS
A. Tibia Based Controller Implementation and Results

An interesting problem associated with the implementa-
tion of such a controller is accurately measuring the tibia
global angle and angular velocity. To accomplish this, an
angular rate sensor was used. This sensor outputs a voltage
proportional to the rate at which it turns. To determine an
angle from an angular velocity sensor, it is necessary to
integrate the output. However, since the sampling is discrete;
the sensor outputs noise; and the integration is numerical,
the angle will drift. If the angle drifts away from its true
value, the reference ankle angle generated will be completely
wrong.

To correct this problem methods such as strap down
integration were considered, but were not employed due
to the necessity of additional sensors and physical system
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Fig. 9. Polynomial fit for the Fourier coefficients
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Fig. 10. Nut profiles for nine different stride times

complexity. A digital filter was used to integrate the signal
but pulls the resulting signal towards zero. The result is a
curve similar to the actual tibia global angle in shape Fig. 3,
but centered on the horizontal axis.

It was thought at first that this was not a desirable method
because it does not give the true tibia global angle. But in
reality, it does not matter what the input is to the controller
calculations, as long as the calculations are expecting this
input. An added benefit to the filtering method is that it
makes actual tibia global angle curves which are slightly
different between multiple subjects almost indistinguishable.
The result is that the controller can be configured for one
person and it will work for almost any user. (Filtered data
was calculated when four people walked on a treadmill and
over ground.)

For testing the controller, the functions and fits were
conducted using data from an able bodied subject. The
controller was implemented on the SPARKy robot. An am-
putee subject walked with stride lengths ranging from very
slow to as fast as the subject could walk. The gait percent
detection of the controller was always within 5 percent, a
very encouraging result shown in Fig. 11. The stride length
calculated oscillated smoothly with an error of about 10%.
The overall result is a controller that operates smoothly for
any stride length or gait percent.

Advantages of the controller include the ability to update
the ankle position as fast as the sampling time of the sensors.
The controller is never committed to one state of operation
looking for another event to decide what to do. For example,
the user can take a slow step and in the middle of push
off quickly accelerate to a fast walk and the controller will
accelerate the ankle. The tibia based controller can also be
configured on able bodied persons and operate well on a wide
range of users. Another advantage, the details of which are
not discussed here, is the ability of this controller to work
while walking backwards. In initial tests, the subject was able
to take backwards steps using SPARKy while the controller
gave a correct ankle motion.

B. Dynamic Pace Test Results

The dynamic pace controller presented in section III-B
has been tested several times using an AFO on able bodied
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Fig. 11. Gait percent results walking at 2.5 mph. Dotted line is the target
value and solid line is gait percent as calculated by the tibia controller.

subjects and is currently being tested on stroke survivors.
The following results have been obtained from tests on a
treadmill with a 70kg able bodied subject. The first plot in
Fig. 12 shows the kinematic curves for four consecutive gait
cycles. It can be seen that the amplitudes are adjusted (note
Ay) and that the time between two heel strikes is adjusted
as well, i.e. note that At; is greater than At,.

V. CONCLUSION

This paper has presented existing controllers for prosthetic
and orthotic foot-ankle devices. The tibia based and dynamic
pace controllers are introduced. It has been shown that both
controllers can calculate the necessary reference command.
Already in earlier papers [4], [5] our lab has shown that
this reference command achieves the requirements for human
gait. The tibia controller has the advantage of not relying
on any kind of logic to switch between states while only
requiring one sensor. This type of controller is much more
stable and adaptive to the user. The dynamic pace controller
has the ability to change the duration and amplitude of
the gait curve simultaneously. A combination of the two
controllers is functionally superior to existing controllers.
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SPARKYy 3: Design of an Active Robotic Ankle Prosthesis with Two
Actuated Degrees of Freedom Using Regenerative Kinetics.

Ryan D. Bellman, Matthew A. Holgate, Thomas G. Sugar

Abstract— The goal of modern prosthetics is to repli-
cate the function of the replaced limb or organ in the
most capable and discreet fashion possible. However, even
the most advanced, commercial, transtibial prostheses
available today only passively adjust the position of
the ankle during the swing phase of gait and return a
portion of the user’s own gravitational input. To greatly
improve the quality of life of a transtibial amputee, new
technologies and approaches must be used to create a
cutting-edge robotic ankle prosthesis which can perform
on par with, if not outperform, the equivalent able-bodied
human ankle. Initial attempts by us and others have
had great success in providing the natural gait power
and motion through all ranges of walking speeds. A
new design is presented which governs both the coronal
and sagittal angles and moments of the ankle joint to
potentially provide unprecedented levels of athleticism
and agility among transtibial amputees.

I. INTRODUCTION

The SPARKYy Project, short for Spring Ankle with
Regenerative Kinetics, began with the goal of bringing
full able-bodied ankle function to transtibial amputees,
particularly those injured serving in the military who
wish to be able to return to active duty. The first of
three planned phases culminated in a highly successful
product in SPARKy 1, Fig. 1. Six months of thor-
ough subject testing ensued, and a follow-up design
was created to improve on the form and function
of SPARKy 1. SPARKYy 2, Fig. 2, incorporates more
efficient linear transmission options using a ball screw
or a roller screw, a smaller and more powerful brushless
motor without the need for a gearbox and a significant
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overall decrease in size and weight. Both designs
use the proven technology of the Robotic Tendon
of Hollander[1], the elastic energy storing ability of
helical springs, and an advanced carbon, composite
keel. Additionally, they are both capable of permitting
walking speeds in excess of 4 miles per hour, with
plenty of power in reserve [2], [3]. When subject testing
starts for SPARKY 2, it may even reveal to be capable
of light or moderate jogging as well. Herr is developing
a similar spring based ankle with motion in the sagittal
plane [4].

Both ankles by Hitt et al. and Au et al. though more
advanced than any technology on the market, still do
not compare to the functionality of the human ankle.
A more robust and agile robotic prosthesis is needed
to fulfill the more demanding and athletic movements
needed for an active duty soldier or an active individual.
The two previous designs are limited to active motion
only in the sagittal plane, but the complex movements
of the human ankle also require actuation in the coronal
body plane, empowering transverse body movements as
well as dorso-ventral and elevational movements. The
SPARKYy 3 design has two degrees-of-freedom without
sacrificing the size and weight precedents set by the
first phase.

The initial designs for the three versions of the
SPARKYy ankles are shown in in Fig. 3. The size of the
second version was greatly decreased using a smaller
motor and shorter lever arms. SPARKy 3 added a 2nd
motor and two joints without increasing overall volume.

A. Intention and Goals

SPARKY 3 has taken a unique approach to providing
two degrees-of-freedom to the prosthetic ankle seeking
to revolutionize powered transtibial prosthesis design.
While the average amputee may not need the ability
to perform agile movements, many would prefer the
ability to lead a more active lifestyle without being
limited by their robotic ankle; some have expressed this
desire directly to us. Military amputees in particular
may benefit the most from such a device, as they must



Fig. 1.  The first built and tested robotic ankle prosthesis of
the SPARKYy Project, SPARKy 1 uses regenerative kinetics[2] to
accurately and efficiently reproduce the human gait cycle. This
design weighs under 2.7 kg (6 pounds) (not including the molded
socket), comparable to the weight of the amputee’s limb.

Fig. 2. The refined version of the first design evolved into
SPARKYy 2, incorporating a shorter lever arm, roller screw/ball
screw interchangeable transmission, and the Maxon EC Powermax
30 motor[5], a high output brushless DC motor. It weighs approxi-
mately 2.0 kg (4.5 pounds) and is significantly reduced in size from
its predecessor.

perform tasks such as running, jumping and passing
their PT test returning to active duty service if they so
desire. Our goal for the future is to allow an individual
to return to active duty with increased athletic ability
using two very powerful, lightweight motors.

The chief goal of this third phase of the SPARKy
Project is to build a more dynamic robotic ankle with-
out sacrificing size, weight or performance compared
to the previous versions. Naturally, some compromises
will have to be made to achieve these goals.

Fig. 3. The three initial designs of SPARKYy 1, 2, and 3. SPARKy
2 reduces in size and weight while SPARKy 3 adds an additional
degree-of-freedom.

II. DESIGN PHASE

A. Pre-design and Sketching

Intially, the design objectives were to achieve only
running and jumping which requires two EC Powermax
30 motors to increase power capacity. The additional
motor prompted investigation into adding an additional
degree-of-freedom. We then focused on the idea of
using both motors in unison for powered running,
and controlling each individual motor to power the
additional rotational degree-of-freedom.

Another desire of the design was to move the springs
to a location above the keel but still in the envelope
of the foot so that an unmodified shoe can still be
worn over the device. This would allow for a lower
profile device and remove much of mechanism from
behind the leg. To additionally minimize the volume of
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Fig. 4. SPARKYy 3, the first fully actuated 2 DOF robotic prosthesis.

the design, a new low-profile foot replaces the FS3000
foot[6]. While the low-profile version of the same foot,
the Pacifica FS4000[6], was considered initially, the
eventual choice became Ossur’s LP Vari-Flex foot [7]
shown in Fig. 5. The Vari-Flex line was preferred
by many users, and the design incorporates two bolts
intended to hold the heel piece to the rest of the keel.
These bolts proved a key factor in the decision, as they
provide a perfect mounting point for the springs in our
new configuration.

B. Functionality and Performance of SPARKy 3

In the primary operation of walking, the two motors
work together either compressing or extending the two
helical springs. For example during the stance phase,
as the ankle rolls over the sagittal or primary ankle
axis, the springs are extended and the motor extends
the springs as well adding additional energy. During
powered push-off, the motors move together releasing
the energy in the springs. The combined motion has
the added benefit of dividing the workload of each

Fig. 5. The low profile of the LP Vari-Flex foot by Ossur provides a
low clearance keel and opens up room for a more complicated joint
above it. The portion of the keel that low-profile version removes
is not needed in a device with an active ankle joint, as its only
purpose is to add flexibility of the ankle in a passive prosthesis.

motor. Analyzing the efficiency curve of the Maxon
EC Powermax motor in Fig. 6, efficiency is greatly
increased when the motor operates well below its peak
capabilities. The motors will produce less heat as well,
reducing the risk of failure.

Efficiency

U pm

Torgue (N-m

Fig. 6. The operational efficiency curve of the EC Powermax 30
motor defined by the torque load at the shaft and angular speed [3].

Additionally, the increased headroom in power of the
two motors enables much more demanding activities,
such as running and jumping, which do not allow
as much time for energy storage from the motor as
compared to walking gait thus reducing the maximum
possible power amplification. Conversely, the short
duration of ground contact in sprinting provides a



greater opportunity for energy storage from the impact,
particularly with a higher stiffness. This principle is
seen prominently in passive transtibial and transfemoral
sprinting feet such as the Cheetah by Ossur. The EC
Powermax 30 motor is rated at 200W of continuous
output power, but is capable of much higher outputs,
two to three times the continuous rating, for brief
periods of time without damaging. With two such mo-
tors working together, they may be capable of 1000W
or more of mechanical output power alone. Coupling
this with the power amplification achievable from the
robotic tendons, the SPARKy 3 design is predicted to
be more than capable of producing the up to 1500W of
peak output power needed for jogging and 200Nm of
peak planter flexion moment for sprint starting[8], [9].

One hurdle that may yet need to be overcome is
actively adjusting the stiffnesses of the springs to
optimize for the significantly shorter stance phase dur-
ing sprinting. Additionally, while energy savings are
expected during normal walking motion compared to
previous models, much greater power consumption will
occur during the more agile and athletic functions of the
device. Though synonymous with fatigue for the user,
the device will likely require a higher capacity battery
pack than is currently used on the previous models to
account for the higher energy requirements, particularly
for military users that are fully active and unable to
recharge throughout the day.

C. CAD Design

Since SPARKy 3 was completely new, the design
started around the keel. A two degrees-of-freedom joint
was desired at the ankle, so a base was created to locate
the plantarflexion/dorsiflexion axis, henceforth referred
to as the primary axis around the biological center of
rotation of a normal ankle. A couple was then designed
to serve as the central part of an orthogonal custom
U-joint, creating the secondary axis, for inversion and
eversion. L-shaped arms, or “L-arms,” were also de-
signed to transfer the linear actuation of the actuators
to the springs on the foot, using the primary axis of
the ankle joint for their pivot. Due to the dimensional
constraints this configuration imposes, the active lever
arm through which the springs are aligned is only 4
cm as compared to the 6 cm lever arm on SPARKy
2 and the 9 cm lever arm on SPARKy 1. Because the
motors are mounted 6 cm from the primary axis, an
additional ratio between the motion of the actuator to
the compression/extension of the springs is achieved,
1.5:1. The transmissions will be 1mm-lead roller screws

similar to SPARKYy 2, creating a 2/3mm effective lead
between the motor and the spring. This relationship also
relieves some of the load on the roller screws, as they
will experience 2/3 of the force that the springs exert.

To reduce inertia effects, the mounts for the motor
are fixed. Therefore, a number of additional joints are
needed between the linkages to allow the device to have
two degrees-of-freedom. The connection between the
roller screw nut and the L-shaped arm requires two
orthogonal and intersecting rotational joints to allow
the motors to follow the pylon but resist the nut from
turning when the roller screw shaft rotates. This was
accomplished by placing a yoke reminiscent of the
clevis on earlier designs on the end of the L-shaped
arms and allowing it to rotate about a horizontal axis
along the longer part of the arm. This interaction is
shown slightly displaced from the default position to
demonstrate its function in Fig. 7.

Roller
screw
nut

Fig. 7. The yoke swivels relative to the arm along its central axis
and the roller screw wing is allowed to rotate within the yoke.

The more complex joint exists at the base of the
motor mounts, as slight rotations are required to keep
the roller screw shafts free from bending moments.
The solution chosen involves a custom ball joint, with
vertical channels on the outer race of the joint and
pins on the ball to resist the torque of the motor. The
ball joint was chosen due to its high load carrying
characteristics without needing multiple bearings which
would have cantilevered the mounts out from the pylon.
The space within the ball was used to house the thrust
bearings and thrust shoulder interface to reduce the size
of the overall product. This portion of the design is
shown from several perspectives in Fig. 8.



Fig. 8. The ball pieces of the ball joint interface are shown, with
the actuator subassembly shown in the upper left, individual ball
mount shown in the upper right, socket arm shown in the lower left,
and the fully assembled ball joint interface shown in the lower right.
The restricted ball joint is equivalent to two intersecting, orthogonal,
rotational joints.

Upon completion of the design of the two additional
joints, the mobility of the robotic ankle design was
checked with Grubler’s criterion to confirm that the foot
(end effector) has two degrees-of-freedom. To perform
this calculation, the mechanism had to be split into
two interacting pieces, one of which operates in the
plane, while the other operates in three dimensions. The
current and final design of SPARKY 3 in Fig. 9 shows
the device in various orientations to demonstrate its
mobility. The coordination of the actuators determines
the axis of motion of the device. When the actuators
move in the same direction, the joint articulates about
the primary axis. If the actuators move in opposing
directions, the joint articulates about the secondary axis.

The geometry of the linkages means that the angular
stiffness about the secondary axis is less than half that
of the primary axis. Since the biological stiffness is not
well documented, due to the slenderness of the human
ankle, a supplemental stiffness may be necessary to
increase the ankle stability about the secondary axis. It
is also a safe practice to limit the motion allowed by this

Fig. 9. The final design of SPARKYy 3 in two different configura-
tions including both coronal (frontal) and sagittal rotation from the
default ankle position.

joint so the ankle cannot roll too far in much the same
way a human ankle is rolled. The first solution was to
use a hybrid torsional bearing joint manufactured by
C-Flex[10]. The bearings were far too limited in both
their torsional stiffness and load ratings in relation to
their outside diameter and length. Instead, a custom
bearing was designed. The bearing is best described
visually, in Fig. 10. The torsion is achieved by adding a
leaf spring between the two notches. When bent over a
short length, such as the inner diameter of this bearing,
a very thin leaf spring can provide a high angular
stiffness, as defined by equation equation (1) from [11].
In this equation, the stiffness, K, is a function of the
the modulus of elasticity of the material composing the
leaf spring, E, the moment of inertia about its bending
neutral axis, /, and the active length over which it is
bent, L.

K=E=xI/L (1)

III. CONCLUSIONS AND FUTURE WORK
IV. CONCLUSIONS

Our research is focused on using springs to actively
store and release energy properly during walking gait.
SPARKYy 1, our first regenerative ankle, was shown to
store and release 16 J of energy per step. We designed
and built a second device, SPARKy 2 which is lighter
and more powerful using a roller screw transmission
and a powerful brushless DC motor, the Maxon EC



Fig. 10. The top figures are limited-motion rotational bearings
manufactured by C-Flex. The bottom figure shows a custom bearing
design, complete with angular limits of +20 degrees, torsion spring
capability, and significantly higher load handling in a small and
integrated package. The slot allows for the insertion of a short leaf
spring to supplement the angular stiffness. Different leaf springs
can be inserted for different individuals.

Powermax 30[5]. Finally, we designed and developed
SPARKY 3 which is a two DOF device capable of
high power for running and jumping. The design is
the first to incorporate active control of both inversion
and eversion as well as plantarflexion and dorsiflexion,
yet will only weigh 2.1 kg (4.7 pounds) as currently
designed. Combined with the power of regenerative
kinetics, twin brushless DC motors, and efficient and
long lasting roller screws, this device has the highest
potential of returning wounded soldiers back to active
duty.

V. FUTURE WORK

When SPARKYy 3 is completed, subject testing will
move slowly. The second degree-of-freedom and dual
actuators add an element of complexity in the challenge
of controlling the device. Additionally, the kinetic and
kinematic data need to be analyzed for the various agile
movements for which there is little or no published
data. Some of this data has already been taken for basic
jogging and running at various increments of speed
using several rate gyros and inclinometers. Other tasks

will include various lateral movements, stair and slope
ascension and descension, and possibly some lateral
jumping. Once these data are mated with a control
system, subject testing will begin.

VI. ACKNOWLEDGMENTS

The authors would like to acknowledge the grant that
was awarded and administered by the U.S. Army Medi-
cal Research & Materiel Command (USAMRMC), un-
der Contract Number: W81XWH-0710193. The views,
opinions, findings, information and presentations made
do not necessarily reflect the position of the government
and no official endorsement should be made. The
opinions contained in this publication are those of the
authors and do not necessarily reflect those of the
funding agency.

The authors would also like to thank Robotics Group
Inc. and Arise Prosthetics for their participation. The
authors would like to recognize Peter Rueling of the
ASU Mechanical Engineering Shop for his invaluable
support. Matthew Holgate, Joseph Hitt, and Kevin Hol-
lander aided greatly in discussions about the designs.

REFERENCES

[1] K. W. Hollander, R. Ilg, T. G. Sugar, and D. E. Herring,
“An efficient robotic tendon for gait assistance,” Journal of
Biomechanical Engineering, vol. 128, no. 5, pp. 788-791,
October 2006.

[2] J. Hitt, M. Holgate, R. Bellman, T. Sugar, and K. Hollander,
“The SPARKy (Spring Ankle with Regenerative Kinetics)
Project: Design and Analysis of a Robotic Transtibial Pros-
thesis,” in ASME International Design Engineering Technical
Conference and Computers and Information in Engineering
Conference, 2007.

[3] J. K. Hitt, “A robotic transtibial prosthesis with regenerative
kinetics,” Ph.D. dissertation, Arizona State University, 2008.

[4] S. Au and H. Herr, “Powered ankle-foot prosthesis,” in ASME
International Design Engineering Technical Conference and
Computers and Information in Engineering Conference, 2007.

[5] (2008) High precision drives and systems. Maxon Motor.
[Online]. Available: http://www.maxonmotor.com

[6] (2008) Product specifications. Freedom Innovations. [Online].
Available: http://www.freedom-innovations.com

[7]1 (2008) Product specifications. Ossur Prosthetic Company.
[Online]. Available: http://www.ossur.com/?pageid=3540

[8] M. W. Whittle, Gait Analysis: An Introduction, 2nd ed.
Butterworth - Heineman Oxford, 1996.

[9] D. Gordon and E. Robertson. (2008) Contributions of the

ankle and knee muscles to sprint starting. Sprintic Mag-

azine. [Online]. Available: http://www.sprintic.com/articles/
ankle_knee_muscles_sprint_starting

(2008) Size performance and loading: Single end bearing.

C-Flex Bearing Co., Inc. [Online]. Available: http://www.c-

flex.com/home.html

K. W. Hollander and T. G. Sugar, “Concepts for compliant

actuation in wearable robotic systems,” in US-Korea Confer-

ence on Science, Technology and Entrepreneurship, August

2004.

(10]

(11]



The SPARKYy (Spring Ankle with Regenerative Kinetics) Project:
Choosing a DC Motor Based Actuation Method

Matthew A. Holgate, Joseph K. Hitt, Ryan D. Bellman, Thomas G. Sugar, Kevin W. Hollander

Abstract— The design process of a powered robotic ankle
prosthesis presents many obstacles that must be overcome.
To be practically implemented, such a mechanism must not
only run on batteries, but sustain a long running time between
recharging. Using springs to passively and actively store and
supply energy to the robotic ankle, small DC motors can be
optimized to perform high peak power tasks without sacrificing
efficiency and net energy usage. Additional techniques are
explored with the potential of substantially reducing the energy
requirements as well as the size and weight of the prosthesis.
The benefits of adding a unidirectional parallel spring with
a Robotic Tendon are weighed and the possibility of actively
varying the lever arm at which the spring force is applied
is analyzed. The different actuation methods are compared to
determine which methods work best in different gait regimes.

I. INTRODUCTION

The SPARKy Project led by Arizona State University
Human Machine Integration Lab with team members from
Arise Prosthetics, Robotics Group, Inc. and Washington
University at St. Louis is a multi-phased multi-year devel-
opment effort. The project seeks to tackle several leading
technical challenges that prevent the development of a truly
biomimetic foot-ankle prosthetic device. This includes (1)
prohibitively low power and energy density in traditional
actuation schemes, and (2) development of a control method-
ology that translates user intent into human-like movement.

The research community has made significant improve-
ments in prosthetic and orthotic technologies in recent years.
Several prosthetic companies have produced devices that
are more comfortable, provide life-like cosmeses, provide
significant energy return and are now even computer con-
trolled. New high performance composite materials and
polymers have made sockets and liners more comfortable
and prosthetic feet and pylons much more energy efficient.
A world-class below the knee amputee sprinter using a high
performance composite prosthesis can now sprint the 100
meters only one second off of the able-bodied world record
[1]. Energy storage and return devices allow faster walking
velocity and better terrain negotiation [2], [3], [4]. They have
increased range of motion; they store and return energy; and
they reduce needed energy requirements [5], [6], [7], [8],
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[9]. Microprocessor controller components such as the Rheo
Knee use artificial intelligence to change joint angles and
dampen joint motion in response to the environment and
individual gait style [10]. MIT’s powered foot-ankle is a
microcomputer controlled prosthesis that provides power and
ankle motion at normal walking speeds [11].

Hydraulic, pneumatic, direct-drive, series-elastic, elec-
troactive polymer-based, chemical-based and many other
actuation schemes are also at varying stages of research
and development. Other researchers are working on wearable
robot control. Embedded gait pattern control [12], EMG
motion control [13][14], and state based control [15] are all
in various design stages. For example, the Proprio Ankle by
Ossur is a commercially available state control device that
modulates ankle angle based on the environment, gait, and
condition to better mimic the kinematics (opposed to both
kinematics and kinetics) of the lost limb [16].

We believe that the best performance in terms of power
and energy as well as system size and weight can be achieved
using DC motor actuators. The purpose of this paper is to
explore different methods of actuation using DC motors. The
actuation methods are evaluated on their ability to give the
ankle full range of motion as well as a powered push-off.
The actuator must be energy efficient to extend battery life
while still being able to deliver all of the necessary power
for walking.

II. HUMAN GAIT

Gait is a cyclical pattern of leg and foot movement that
creates locomotion[17]. To illustrate a typical pattern of gait,
consider the kinematics and kinetics of a normal ankle at
a self selected stride length at 1.25 m/s walking speed of
an 80 kg subject, Fig. 1 and Fig. 2. Note that for different
stride lengths, the curves are slightly different in magnitude
and in position of peaks. The negative sign represents the
physiological direction of the plantarflexing ankle, when the
foot rotates downwards to push off from the ground. At the
point at which the peak moment occurs, the ankle angle
begins a rapid decent to its lowest overall value. The region
of gait approximately between 50% and 67% of the gait
cycle is known as push off. At the conclusion of push off,
now considered toe off, the leg initiates swing and the foot
is then positioned for the next heel strike.

The power necessary from the ankle during gait is the
moment times the angular velocity of the ankle. The energy
is calculated by integrating the power curve. The peak power
can be up to 350 Watts and occurs during the push off portion
of gait. At the beginning of gait, energy is negative as the
foot resists the roll-over of the leg. During push off the
energy moves sharply positive as the moment increases and
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Fig. 1. The ankle angle of a normal subject walking at a self selected
stride length at 1.25 m/s. 0% gait cycle corresponds to heel strike.
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Fig. 2. The ankle moment of a normal subject walking at a self selected
stride length at 1.25 m/s.

the foot propels the person. It should be noted that at self
selected stride length for 1.25 m/s the net energy required is
only about 10 joules per step. For slower speeds the energy
becomes lower; however, for faster speeds the energy can
climb to 20 joules per step or higher.

III. USING DC MOTORS

When using a DC motor actuator an important consid-
eration is efficiency. The efficiency of a DC motor is a
function of both rpm and torque. The derivation of DC
motor efficiency used for this model is shown below with
definitions of the symbols shown in Table I.

I=1Iy+ Klt )
V=24 R, (Im”i) 3)
. Trpm%—g @
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TABLE I
DEFINITIONS OF SYMBOLS SHOWN IN (1) THROUGH (4)

[ Symbol ] Definition |
€ Motor Efficiency
T Motor Torque
rpm Revolutions per Minute
Ke Speed Constant (rpm/Volt)
K Torque Constant (N-m/Amp)
R Motor Winding Resistance (£2)
) Motor No-load Current (Amp)
1 Motor Current (Amp)
\Y Motor Voltage (Volts)

The efficiency for a Maxon brand ECPowerMax 30 motor
is plotted in Fig. 3. The highest efficiency conditions of
operation are all in the low torque region of operation.
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Fig. 3. Efficiency of Maxon ECPowermax30 Motor

IV. ROBOTIC TENDON

The Robotic Tendon described in [18] is a small and
lightweight actuator that features an efficient DC motor used
to adjust the position of helical springs using a very simple
position controller. As the ankle rotates over the foot during
stance phase, a lever attached to the foot pulls on the distal
end of the spring. By correctly positioning the motor, which
pulls on the proximal end of the spring, a desired spring
deflection is obtained to store energy. A heavy, powerful
motor is not needed because the Robotic Tendon stores a
portion of the stance phase kinetic energy and additional
motor energy within the spring. The spring releases its stored
energy to provide most of the peak power required during
push off. Therefore, the power requirement on the motor
is significantly reduced. As described in [18], peak motor
power required is 77W compared to 250W for a direct drive
system in the example of a 80kg subject walking at a rate
of 0.8hz. Consequently, the weight of the Robotic Tendon is
just 0.95kg.

The robotic ankle consists of a spring keel for the foot; a
lever arm attached to the keel; a pylon attached to the lever
arm via a revolute joint; and a spring series Robotic Tendon
between the pylon and the lever arm (Fig. 4). The definitions
of the symbols used in Fig. 4 are shown in Table II. A defined



Fig. 4. Robotic Tendon Ankle Model. See Table I for definitions of symbols
used. The robotic tendon nut pulls on the spring x amount, which pulls the
lever arm L causing the foot to plantarflex.

TABLE 11
DEFINITIONS OF SYMBOLS SHOWN IN FIG. 4

[ Symbol ] Definition
01 Lever Arm Angle (zero at horizontal)
M Moment on the Ankle
F Force in Spring Series Robotic Tendon
K1 Robotic Tendon Spring Stiffness
1 Lever Arm Length
X Robotic Tendon Spring Position
y Lever Arm Deflection at Spring Attachment Point

moment function is given for the ankle as well as a desired
angle function, shown in Fig. 1 and Fig. 2. Since the ankle
has a relatively small mass and moment of inertia compared
to the moments acting on it along with a limited range of
motion and rotational velocity, the ankle will be assumed
massless and the dynamic effects will be ignored. The motor,
however, turns at a high rate and the dynamic effects can not
be ignored. Using static equilibrium equations the following
relationships can be developed.

F=K(r—y) &)
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Equation (8) determines the position that the robotic
tendon must follow to actuate the ankle. The spring deflection
creates the ankle moment. The actuator’s position is then
differentiated to calculate the velocity and acceleration of the
motor. Finally, the actuator velocity multiplied by the ankle
moment is used to calculate power and the efficiency of the
motor at every point of operation. The acceleration is used
along with the inertia of the particular motor to calculate the

torque necessary from the dynamic effects of the actuator.
When adding the effects of inertia to the static calculations,
the model matched the experimental results well.

V. PARALLEL UNIDIRECTIONAL SPRING

During the portion of the gait cycle beginning when the
foot is entirely on the ground until the beginning of push
off, the ankle behaves approximately like a linear spring. To
illustrate this, consider the portion of Fig. 5 between points
2 and 3. Fig. 5 shows the ankle moment (Fig. 2) versus the
ankle displacement angle (Fig. 1), which can be interpreted
as the ankle stiffness.

If the robotic tendon series spring were chosen so that
it matched the approximate linear stiffness shown in Fig.
5 between points 2 and 3 the motor would not have to
move during this portion of gait. Although the motor does
not need to supply any energy to the system, it still costs
electrical energy because the system is backdriveable. Since
the robotic tendon uses a spring in series with the motor,
the moment at the ankle is transferred directly to the motor
through the leadscrew transmission. If the screw were non-
backdrivable, it could easily hold the load; however non-
backdrivable transmissions have a large amount of friction,
and thus create an inherently inefficient drive system.
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Fig. 5. Moment versus angle of the ankle for fast walking. Gait begins at
point 1 with heel strike. The foot then rotates until it is flat with the ground
at point 2. The tibia rolls over the ankle between points 2 and 3. Point 3 is
the beginning of push off until toe off at point 4. After toe off at point 4,
the foot is in swing phase until heel strike again at point 1. The slopes at
different portions of gait can be thought of as the ankle stiffness and can
be seen to be approximately constant during most portions.

A spring that was placed parallel to the robotic tendon
could support the moment holding the load. If the parallel
spring stiffness were chosen to be the ankle stiffness between
points 2 and 3, then no energy would be required from the
motor. However, at different speeds of walking the ankle
stiffness changes. If the parallel spring stiffness was chosen
to be too stiff, the motor would need to fight the spring in
order to obtain the correct ankle motion. If the parallel spring
was too compliant, the motor would need to add energy to
the system to compensate and hold the load. A parallel spring
stiffness could be fixed for a particular walking speed, and, at
other speeds, the motor would need to adjust for the incorrect
stiffness value.



A parallel spring is beneficial during the portion of gait
shown in Fig. 5 between points 2 and 3. This portion
corresponds to the portion of the stance phase when the
foot dorsiflexes. When the foot plantarflexes the motor
would need to fight the parallel spring and expend energy
unnecessarily. To remedy this situation, the parallel spring
can be configured in such a way that it is unidirectional and
is only active when the foot dorsiflexes. This idea has been
proven effective by researchers at MIT [11], [19]. A device
with a unidirectional parallel spring can effectively lower the
energy needed from the actuator especially during average
and slow walking. We will show that an additional parallel
spring is not beneficial for fast walking.

VI. LEVER ARM

Analyzing the model for the robotic ankle shown in Fig. 4,
it is reasonable to explore the possibility that the ankle could
be actuated solely by changing the length of the lever arm.
Solving equation (7) for [ instead of x yields the following.

—zK, + \/ (xK1)? — 40, K1 M
2€1K1

If x is thought of as a constant offset on the spring, then the
Robotic Tendon will not have to move during the entire gait
cycle. (A non back-driveable transmission is a good choice
for this design scenario.) It is apparent from the square root
term in equation (9) that only certain values of x will work.
For this idea to be feasible the following relationship must
always be true.

[ =

(€))

(2K1)? — 40, K1 M > 0 (10)

The rest position of the spring must be set at a large offset
value, larger than the range of the ankle moment so that
equation (10) holds.

Another way to study this problem is to analyze the ankle
as a simple torsional spring. By dividing the moment by the
angle at every point of the gait cycle, a stiffness will be
calculated. These values are shown in Fig. 6. It is obvious
that many of the values are not attainable. However, by
moving the resting equilibrium position of the spring, the
stiffness values become realizable. This is modeled by adding
a constant to the angle so that the resulting stiffness function
is continuous. This is illustrated in Fig. 7. As the constant
becomes larger, the effect of the ankle motion becomes
smaller and the stiffness converges to the moment divided
by the constant angle. It should be noticed that the stiffness
values are both positive and negative. This can be realized
by a lever arm that can go past a zero length and effectively
reverse the direction of the moment.

By preloading the spring, the resting position is altered.
The lever arm length needed at each point along the gait
cycle is calculated using equation (9). The force on the spring
is calculated using equation (5).

If a design is utilized that moves the position of the
attachment point of the spring along the lever arm, the force
on an actuator motor that adjusts the lever arm will be the
product of the force on the spring and the sine of the angle
of the lever arm. The power will therefore be the product of

w10

M-m/rad
o

0 10 20 30 40 50 60 70 =in] a0 100
% of Gait

Fig. 6. Moment divided by angle. The ankle moment is divided by the
ankle angle to determine a stiffness value at every point along the gait cycle.
It is obvious that many of the stiffness values are not realizable.
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Fig. 7. Moment divided by angle with an additional positive constant offset.
The moment is divided by the ankle angle with an additional constant angle
to determine a stiffness value at every point along the gait cycle. Each curve
represents a different constant offset. The stiffness converges to the inverse
of the constant times the moment because as the constant becomes greater,
the effect of the ankle motion becomes smaller.

that force and the linear velocity along the lever arm. The
motor would have to supply a large holding force unless a
drive link that was not backdrivable was utilized.

An adjustable lever arm actuator has some advantages
over the Robotic Tendon actuator. Analyzing fast and slow
walking, the total energy consumed by the lever arm actuator
is lower by 10-15% as compared to the Robotic Tendon. The
energy is lower than the Robotic Tendon because the torque
and rpm that is required is in a more efficient region of the
motor shown in Fig. 3.

A pure lever arm actuator seems beneficial in simulations
and theory, but in practice it creates many implementation
problems. The system requires a preload of the spring of at
least 3cm in practical cases. While this is a small deflection,
the spring rates required are on the order of 50,000 N/m.
A 3cm deflection creates a considerable force. During the
entire gait cycle, forces can approach 2200 N on the spring.
A structure could be designed to withstand this loading, and
it would operate correctly while the foot was in contact with



the ground. Although during swing phase, the foot is not in
contact with the ground and the force in the spring is still
very high causing the foot to be difficult to control during
this period of the gait cycle.

VII. COMBINING A ROBOTIC TENDON WITH
LEVER ARM ACTUATION

While using a robotic lever arm alone might not be
possible from a design standpoint, it is advantageous when
it comes to saving energy. The energy savings occur because
the motor is operating in a more efficient manner. Because
there there can be an advantage gained by using a robotic
lever arm, it seems reasonable to try and combine the
actuated lever arm with a Robotic Tendon to increase the
efficiency of the total system.

Analyzing Fig. 3, it is obvious that there is an area of
operation over which the efficiency is very high, on the order
of 85 to 90%. It is seen that the high efficiency peak roughly
follows a straight line located with a low but constant torque
and through almost all angular velocities. By adjusting the
lever arm length, the gear ratio for the Robotic Tendon can
be adjusted.

Since the moment at the ankle joint is transferred to the
Robotic Tendon through a lever arm, the torque seen by the
motor is proportional to the lever arm length. If the lever arm
length is changed in proportion to the moment, the torque at
the motor can be kept constant. The constant torque at the
motor can be chosen to reside on the high efficiency peak of
Fig. 3. As a result the efficiency of the Robotic Tendon motor
is extremely high, almost always above 87%. Moreover, the
energy required from the Robotic Tendon is reduced at all
speeds as well.

However, the energy reduction does not come free; energy
must be added due to the lever arm motor. Since the lever arm
length must change when the lever is under load, there are
times when it must compress the spring in order to shorten
or lengthen the lever arm. In fact, almost all of the lever
arm movements compress the spring. This is not necessarily
a disadvantage, since the energy is stored in the spring and
subsequently released. However, the efficiency of the lever
arm actuation motor must also be taken into account. Even
though lever arm actuation allows the main motor to work
at very high efficiency, the lever arm motor efficiency is
relatively low and the energy advantage for this motor is
poor.

It can be observed that since the lever arm would need to
change proportionally to ankle moment, this could possibly
be accomplished by a clever mechanism. As seen in [20],
using a carbon fiber keel can be beneficial in the design
of a prosthetic ankle. This adds the benefit of a member
of the structure which deflects proportionally to the ankle
moment. A flexible keel could be linked in such a way that
a deflection actuates the lever arm length eliminating the
lever arm actuation motor.

VIII. PEAK POWER AND ENERGY

In this section, the peak power and energy will be analyzed
for a Robotic Tendon with addition of a unidirectional
parallel spring. Both spring stiffness values will be varied
to determine power and energy surface plots.

Slow Walking

af
RT stiffess (N/m)

Unidircetional Parrallel Spring Stiffncss

Unldirectional Parrallel Spring Stiffes

Fast Walking

0 .
Unidirectional Parralel Spring Stiffess (Nm)  o”™~¢

Fig. 8. Peak power and energy for different walking speeds for different
stiffness values for the Robotic Tendon series spring and an additional
parallel unidirectional spring. Note that values are cut off at 300 to preserve
scale. The top surface is the peak power that the actuator needs to provide;
the bottom surface is the energy that the actuator needs to provide. Note
that most of the peak powers are above the range available for small DC
motors.

As discussed in previous sections, using a unidirectional
parallel spring can reduce the amount of energy needed from
the actuator. This is highly beneficial for walking, especially
walking at the speed for which the unidirectional spring
is tuned. However, for faster walking speeds, for which
the parallel spring is not tuned, additional energy from the
actuator is required. Without a parallel spring the motor must
hold position, but only if the series stiffness is chosen to be
equal to the ankle stiffness between points 2 and 3 of Fig.
5. If a more compliant actuator series spring is chosen, the
motor can continuously stretch the spring and add energy to
the system as it is pulling, not simply holding position.

At slow walking speeds, the energy with a properly tuned
unidirectional spring with a very stiff Robotic Tendon stift-
ness is slightly lower than the energy necessary for a Robotic
Tendon alone. At faster speeds, however, the advantage is lost



for a constant stiffness parallel spring. At very fast walking,
the lowest peak power and energy usage occurs with the
correct choice of a Robotic Tendon spring.

The main advantage of the Robotic Tendon is its ability to
reduce the peak power required from the motor. For average
walking speeds the peak power is not as important as energy,
the peak power only needs to be reduced by a small amount
to stay below the maximum power of the motor. However,
for fast walking speeds the peak power must be reduced
if a single DC motor is used. SPARKy has shown through
testing that the Robotic Tendon consistently reduces power
by at least a factor of 4.5. For example, at 3 mph, the robotic
tendon inputs 60 Watts peak power, but SPARKy supplies
the user 260 Watts of peak power [21]. If jogging is to be
achieved, peak power reduction is even more important.

Reducing peak power also increases the maximum amount
of energy that the motor can provide to the ankle. Since the
motor can add energy to the spring for a longer period, more
energy can be released during push off. The ankle receives
energy stored in the series spring during the stance phase
along with additional power from the motor. With a parallel
unidirectional spring the spring supplies some of the push
off energy, but the motor must directly supply the remainder
of the energy, which is a large portion of the energy.

IX. CONCLUSIONS

Various DC motor based actuation methods for a prosthetic
ankle were investigated. These actuation methods include the
Robotic Tendon alone, adding a unidirectional parallel spring
to the ankle with a Robotic Tendon, controlling the length of
a lever arm connected to a preloaded spring, and combining
the Robotic Tendon with a robotic lever arm.

Controlling the lever arm length connected to a preloaded
spring turns out to be a very efficient design, but, due to
impracticalities, cannot be chosen as a realizable actuator
for SPARKy. While combining lever arm actuation with
the Robotic Tendon allows the system to operate extremely
efficiently, the lever arm motor operates with poor efficiency
and the total energy is higher than with the Robotic Tendon
alone.

The Robotic Tendon operates efficiently and does not
require high energy and reduces peak power by up to a factor
of 6. This allows good battery life at all speeds and the ability
to shrink the size of the necessary motor.

Adding a unidirectional parallel spring to the ankle can
reduce the energy consumed by the Robotic Tendon by
supporting its load during part of the gait cycle. This can
reduce the energy slightly if properly tuned, but power
amplification is lost (must choose a very high stiffness)
and the motor cannot support high energy fast walking and
running.

Considering performance characteristics of the motor and
desired operating ranges that include walking and slow
running, we have chosen the Robotic Tendon as the preferred
actuation method for SPARKYy.
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A Robust Control Concept for Robotic Ankle Gait Assistance

Kevin W. Hollander and Thomas G. Sugar

Abstract—Previously we have developed lightweight and
efficient, spring based actuators. The Robotic Tendon actu-
ator is one such device. Testing of the earlier devices have
shown good results both theoretically and experimentally in
their implementation to human gait assistance. The current
development is focused on a robust control methodology to
support the Robotic Tendon device. This study has concluded
that the stance phase of gait can be broken into five distinct
zones in order to dictate controller behavior. Simulated control
of these five zones have shown that simple velocity control and
stiffness control meet the requirements necessary for robust gait
assistance.

I. INTRODUCTION

An effective form of robotic intervention would be a
wearable system that could provide strength and performance
augmentation to a person with motor disabilities. A robotic
device could provide strength where there is weakness,
respond to stimuli quickly rather than slowly, and a wearable
robot could sense problems early, rather than after it is too
late.

However, use of the term ‘wearable’ implies that such
a robot be portable, lightweight, and safe. In order for
such a device to be accessible for home use, the additional
implications are that the wearable robot be economical and
easy to operate. In contrast, a factory floor robot is none
of these things; therefore, simple adaptation of existing
technology is not possible. In order to handle the needs
of people with motor disabilities, actuated wearable robots
that are portable, lightweight, safe, economical and simple
to operate are required[1].

Our previous work has been devoted to developing
lightweight, efficient, spring based actuators to meet the
challenging requirements implied by a wearable device. One
such actuator is the the Robotic Tendon[2]. The Robotic
Tendon features a ‘tuned’ spring that is positioned at the
end of a linear actuator. The conceptual model of the Robotic
Tendon is similar to that of the devices by Sugar and Kumar
[3] and Robinson et al. [4].

In addition to needing to be lightweight and efficient,
robust and intuitive control of these actuated systems is also
required. A review of human gait data for ankle motion
has revealed an approach to robust actuator control. The
application of a specialized piecewise velocity and stiffness
control scheme can be used to describe the actuator motion
necessary to assist in ankle gait.
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Fig. 1. Robotic tendon model: motor and spring in series

II. RoBOTIC TENDON MODEL AND STIFFNESS CONTROL

Use of the term Robotic Tendon implies an analogy to
human physiology. Mentioned earlier, the simple inclusion
of a spring to a linear actuator can provide energy and
power savings to the design of a wearable robotic device.
The premise of the following development is that the human
muscular system uses the advantages inherent in its elastic
nature. Those advantages are a minimization of both work
and peak power. In terms of an electric motor, minimizing
both average and peak power implies the reduction of
requirements for motor size and thus weight. Minimizing
work implies a reduction of stored energy supply necessary
to fulfill the demands of gait. Figure 1 shows the conceptual
configuration of the Robotic Tendon actuator.

In the diagram, z, represents actuator’s end effector
position, x,, represents the motor’s position at the backside
of the spring. The difference between these two measures is
the dynamic length of the spring, which is dependent on free
or natural length, stiffness and applied load. The relationship
of all of these variables is represented in equation 1 and is
easily derived from the diagram[2].

T =Ty — — —d, (D

Equation 1 determines the motor position necessary to
accomplish a desired actuator output force/displacement pro-
file. The variable d, represents the free length of the spring.
Rearranging this equation for force yields equation 2.

F=K- (zg—xm—d,) (2)

Shown previously by Sugar[5], the spring based actuator
represented in Figure 1 can be used to simulate a virtual



spring. In other words, a relationship for actuator motor
position, x,,, can be developed that allows the device to
exhibit the behavior of any desired value of stiffness. From
this idea, consider the equation of force for a general
Hookean spring, see equation 3.

F= Kdes . (xg - 370) + fdes (3)

Equation 3 can be used to describe the desired stiffness
behavior of the actuator, where K 4., is the desired stiffness,
T, is the virtual home position and fg.s is the simulated
preload. The desired force/stiffness behavior in equation
3 can be substituted into the motor position relationship,
equation 1.

Kd‘s Kd‘s fdls
Ty = (1 - Ka;> . mg —+ Ka; Lo — K:Ct — do (4)

The term K, in equation 4 is the actuator’s inherent,
physical spring stiffness. However, following the relationship
detailed in equation 4 gives the actuator the desired force
behavior described in equation 3.

HUMAN GAIT

Gait is a recurring pattern of leg and foot movements,
rotations, and torques. Due to its repetitive nature, the
discussion of gait is done in terms of percentages of a gait
cycle. A gait cycle is defined for a single leg and begins
with the initial contact of the foot with the ground or ‘heel
strike’; the conclusion of a cycle occurs as the same foot
makes a second ‘heel strike’. To illustrate a typical pattern
of gait, consider the kinematics and kinetics of a normal
ankle[6], figure 2. Notice that the ankle moment (torque)
data is normalized by body weight, kg.

In this figure, peak ankle moment occurs at roughly 45%
of the gait cycle and at a value of -1.25 Nm/kg. The negative
sign represents the physiological direction for which the
moment occurs, and in this case, peak moment is acting
to move the foot in a toes down direction. At the point at
which the peak moment occurs, the ankle angle begins a
rapid desent to its lowest overall value of -24° at 60% of the
gait cycle. The region of gait approximately between 45%
and 60% of the gait cycle is known as ‘push off’. At the
conclusion of ‘push off’, now considered ‘toe off’, the leg
initiates ‘swing’ and the foot is then positioned for the next
‘heel strike’.

III. ANKLE GAIT CONTROL CONCEPT

Human ankle gait information was analyzed in terms of
stiffness using methods proposed by previous researchers
[71[8]. However, rather than just focusing on only the ‘second
rocker’ phase of gait [8], the entire stance phase of the ankle
was analyzed. The results of this analysis created a division
of stance phase of ankle gait into five zones, illustrated in
figure 3.

The analysis showed that three of these five zones can be
described by linear stiffnesses, with goodness of fit values
greater than 0.97. The circled number zones identify these
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Fig. 2. Normal Ankle Gait: Kinematics and Kinetics.

linear regions in figure 3. In contrast, the remaining two
zones are decidedly non-linear and are regions of constant
velocity (represented by the numbers with square borders).

In terms of a robust control approach, these transitions
between zones will need to be detected so that the logic
of such a controller can be switched accordingly. In work
by Pappas, et al. [9] a method is described for the reliable
detection of phases of gait. Using a similar approach, events
within streaming gait data can be observed to serve as the
cues necessary for appropriate temporal control transitions.
Using switching logic to change the controller behavior
simplifies the controller complexity.

In our previous work [2], logic for the controlled actuator
behavior rested solely on the timing of an embedded gait
pattern that was scaled to match the speed of an operator
(device wearer). With the present proposed method, the
controller response is not dependent on timing at all. Thus
the operator can update speeds and strides dynamically with
no additional lag in the system’s response.

A. Control Logic

The five zones of stance described can be represented
using two simple control models. The first is simply a
standard velocity control approach, i.e. the system is set to
maintain a fixed velocity. The second model is the stiffness
control relationship described in equation 4.

In the stiffness control approach, the desired output stiff-
ness behavior is dictated by normative gait. However, the
choice of actual stiffness must be determined by the actuator
designer.

The Robotic Tendon’s construction is conceptually similar
to that of the human musculotendon complex in that each
feature both active and passive components. A review of able
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Fig. 3. Lever Force/Displacement: Normal ankle gait pattern at actuator
end effector (lever length = 0.12 m).

bodied gait literature [6][10][11][12] shows that ankle plan-
tarflexor EMG cease activity at about 50% of the gait cycle.
The same point at which peak plantarflexion power occurs.
One implication of this is that the passive properties of the
plantarflexors that are providing 100% of the power/energy
to the last part of the stance phase of gait.

However, recent research involving ultrasound measure-
ment of plantarflexor muscles during gait show that mus-
cular contractions are still occurring at these later stages
[13][14][15]. The difference between EMG measurements
and measured muscular contraction is due to lag in electro-
chemical initiation and the muscle’s mechanical response.

Nevertheless, using the latter idea as a guide, the robot
gait motor control scheme reduces to a stretch, hold and
release strategy. Stretch during loading, Hold at peak power,
and Release the stored elastic energy. The Robotic Tendon
actuator can operate in this way by setting the actuator’s
true or physical stiffness to that measured in zone five, thus
setting the desired stiffness equal to the actual stiffness in
equation 4. As an overview to the robust controller logic, the
control method and zone transition identifiers are described
in table I.

Zone 1: This zone occurs over the first 8% of the gait
cycle. It begins at heel strike and ends when the ankle angular
velocity, 9, crosses zero, or when the peak plantarflexion of
‘weight acceptance’ is reached. Constant motor velocity is
maintained through this zone at a level proportional to the
motor’s speed achieved during the previous swing phase.

Zone 2: This zone spans from 8% to 18% of the gait
cycle. Zone 2 ends just after ‘foot flat” when the ankle angle,
0, returns to neutral and begins to dorsiflex. In this zone,
a constant desired stiffness of a value 1.35 times true or
actual stiffness is maintained. For example, in equation 4,

Zone Zone Begin Control Mode
1. Heel Strike VELOCITY
(0-8%GC) (match Swing velocity)
2. 6=0 STIFFNESS

(8-18%GC) (Kges 2 1.35 - Kaet)

3. 0=0
(18-39%GC)

STIFFNESS
(Kdes =3- Kact)

4, Heel Off
(39-48%GC)

VELOCITY
(matches Zone 3 velocity)

STIFFNESS
(K 4es = Kaet = HOLD CMD)

5. Peak Moment
(48-62%GC)
RESET FOOT

Swing | Near Zero Moment

TABLE I
ROBUST CONTROL CONCEPT DESCRIPTION

the desired stiffness will be set to 1.35 times the actuator
actual stiffness.

Zone 3: This zone occupies the majority of the ‘loading
response’ from 18% to 39% of the gait cycle. The termi-
nation of zone 3 occurs as the heel lifts off (i.e. heel off)
the floor. Constant stiffness is maintained with a desired
stiffness of about 3 times actual system stiffness. It is in
this region of control that over 64% of elastic spring loading
is accomplished. In equation 4, the desired stiffness will be
set to 3 times the actual stiffness.

Zone 4: This zone ranges from 39% to 48% of the gait
cycle. Heel off begins this zone and a constant velocity is
maintained that matches the motor speed achieved in zone 3.
The termination of this zone ends as the peak plantarflexion
moment occurs. It is this at this point in time, due to body
position, that the body can no longer resist the build up
of forces contained within the spring and its stored energy
begins to release.

Zone 5: Within this zone, 48% to 62% of the gait cycle,
the free energy release of the spring is done. It terminates at
the moment the spring is completely unloaded and ‘swing’
begins. Stiffness control drives this part of the gait cycle.
However, matching the true system stiffness to that measured
in zone 5 gait data creates a motor command that simply
holds its present position. So at the instance that peak
plantarflexion moment begins to diminish, the actuator motor
simply holds its position, thus allowing the energy release to
occur.

In equation 4, the desired stiffness equals the actual
stiffness and x, is the position at the start of zone 5. The
desired force in equation 4 is equal to the force at the start
of zone 5 and d, equals the natural free length of the spring.
In this zone, the motor’s position will be held to a constant
value.

Using basic sensor information at the foot and ankle, the
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Fig. 4. Simulated Motor Position

transition of stance zones can be detected. Many potential
sensor methods are available. As an example a combination
of a heel switch, a rate gyro, encoder and potentiometer could
be used. The focus of this paper is to describe a method
of robot control for the stance phase of gait. Swing was
not analyzed in this paper. In our current work, the actuator
follows a commanded swing profile to dorsiflex the foot.

IV. SIMULATION RESULTS

The robust control concept was simulated using only nor-
mative ankle kinematics (angles) data and selected transition
points as described in table I. For convenience the analysis
was done with respect to the actuator’s displacements and
forces, rather than in terms of ankle angles and torques.
Also, consistent with our previous work [2], the simulation
assumed a 80kg body mass and a 0.12m lever arm acting at
the ankle. These values are used to convert ankle angles and
torques into simple displacements and forces.

It should be noted that following simulations results are
not an evaluation of any specific controller, but rather of
a conceptualized desired motor path on which a controller
design shall be based. For example, in previous work by
Sugar [5] a proportional and derivative position controller
was used to drive the desired actuator stiffness behavior. For
the current ankle control concept, slightly more complicated
controller logic will be needed.

Using equation 4 to describe the stiffness control portions
of the gait cycle, desired stiffnesses of 18,660 N/m, 40,957
N/m, and 13,796 N/m were used for zones 2, 3, and 5
respectively. Actual stiffness of the spring was 13,796 N/m.
Figure 4 shows the resulting motor positions predicted using
both constant stiffness and constant velocity control schemes.

The figure shows both ankle output position, x4, and
motor position, x,,. For convenience, the data is plotted
for a zero length spring, thus the differences between ankle
gait position and motor path is the deflection stored within

200 1

-200 -

-400 -

Force (N)

-600 -

-800 -

-1000 - .
0 10 20 30 40 50 60 70 80 90 100

% Gait Cycle

= Desired Gait Force ¢ Robust Control

Fig. 5. Predicted Force Output

the physical actuator spring. Comparing the simulated robust
control approach (equation 4) to the ideal motor path (equa-
tion 1) shows a good correspondence. This ideal path was
generated using the methods described in our previous work
[2] and an actuator stiffness value of 13,796 N/m.

However, the robust control approach tends to slightly
over deflect the spring during zone 3 control. Based upon
the differences between gait position and the robust control
simulated motor path, the resulting system forces can be
calculated. The force results calculated are presented in
figure 5.

The curves plotted in figure 5 are the required forces
measured from normal gait data [6] and the forces calculated
from the robust control simulation. Again, there is a good
correspondence between these two sets of data. The deviation
between the two curves in zone 3 is due to the slight over
deflection observed in figure 4. The peak differences in force
shown is calculate to be only about 70 N.

V. CONCLUSIONS

The simulation results of this analysis are encouraging.
However, the simulations are based upon a number of
assumptions. In particular, the division of stance zones
described is dependent on literature sources in combination
with the specific gait data set analyzed. Once testing of this
technique has begun, refinement of the transition definitions
maybe required.

The reason the simulation results are encouraging is that
these results were driven only by measured output positions
derived from human gait data. This means that for the
stiffness control portion of the gait cycle, operator ankle
position is the only input parameter to the model. The system
will behave simply as a virtual spring during these zones until
the next transition point occurs.

The next step for this work is to add in the appropriate
sensors necessary to implement this control approach on our



latest Robotic Tendon prototype. Additionally, an analysis
of our structure control actuator approaches [16] using this
technique can also be done. Whereas the final goal of this
work is to create an intuitive and robust control methodology
for our lightweight, energy efficient actuators and wearable
assistance device.
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ABSTRACT

Even today’s most sophisticated microprocessor controlled
ankle-foot prosthetic devices are passive. They lack internal
elements that actively generate power, which is required during
the “push-off” phase of normal able-bodied walking gait.
Consequently, lower limb amputees expend 20-30% more
metabolic power to walk at the same speed as able-bodied
individuals. Key challenges in the development of an active
ankle-foot prosthetic device are the lack of high power and
energy densities in current actuator technology. Human gait
requires 250W of peak power and 36 Joules of energy per step
(80kg subject at 0.8Hz walking rate). Even a highly efficient
motor such as the RE75 by Maxon Precision Motors, Inc. rated
for 250W continuous power with an appropriate gearbox would
weigh 6.6 Kg. This paper presents the first phase of the Spring
Ankle with Regenerative Kinetics (SPARKy 1), a multi-phased
project funded by the US Army Military Amputee Research
Program, which seeks to develop a new generation of powered
prosthetic devices based on the Robotic Tendon actuator, that
significantly minimizes the peak power requirement of an
electric motor and total system energy requirement while
providing the amputee enhanced ankle motion and “push-off”
power. This paper will present data to show the kinetic
advantages of the Robotic Tendon and the electro-mechanical
design and analysis of SPARKy 1 that will provide its users
with 100% of required “push-off” power and ankle sagittal
plane range of motion comparable to able-bodied gait.

Augspurger-Komm Engineering, Inc. ™
Scottsdale, AZ 85260

Index Terms — SPARKY, Ankle-Foot Prosthesis, Power/Energy
Density, Powered Prosthesis, Power Amplification.

INTRODUCTION
A. BACKGROUND

The SPARKYy Project is a multi-phased spiral development
effort led by Arizona State University Human Machine
Integration Lab with team members from Arise Prosthetics,
Robotics Group, Inc. and St. Louis University Human
Performance Lab. This project will develop what is most likely
the first-of-its-kind smart, active and energy-storing transtibial
prosthesis. The project seeks to tackle several leading technical
challenges that prevent the development of a truly biomimetric
foot-ankle prosthetic device. Currently a device like SPARKy
does not exist because of several challenges that include (1)
prohibitively low power and energy density in traditional
actuation schemes, and (2) development of a control
methodology that translates user intent into human like
movement. The team’s approach is to leverage both the vast and
considerable efforts in the rehabilitation and robotics
communities.

The rehabilitation community has made significant
improvements in prosthetic and orthotic technologies in recent
years. Several prosthetic companies have produced devices that
are more comfortable, provide life-like cosmeses, provide
significant energy return and are now even computer controlled.
New high performance composite materials and polymers have
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made sockets and liners more comfortable and prosthetic feet
and pylons much more energy efficient. A world-class below
the knee amputee sprinter using a high performance composite
prosthesis can now sprint the 100 meters only one second off of
the able-bodied world record [1]. Energy storage and return
devices allow faster walking velocity and better terrain
negotiation [2-4]. They have increased range of motion; they
store and return energy; and they reduce needed energy
requirements [5-9]. Microprocessor controller components such
as the Rheo Knee use artificial intelligence to change joint
angles and dampen joint motion in response to the environment
and individual gait style [10].

Similarly, the robotic research community has made
significant advances in wearable robots, control and actuation.
In response to government initiatives, several exoskeleton
devices that provide enhanced human performance have been
developed. In addition, with renewed energy, the community
has also crossed over into robotic rehabilitation devices. From
large in-clinic to small portable devices that provide gait
support, robots are currently at all stages of product realization.
Hydraulic, pneumatic, direct-drive, series-elastic, electroactive
polymer-based and many other actuation schemes are also at
varying stages of research and development. Many other
researchers are working on wearable robot control. From the
highly publicized neuro-controlled bionic arm [11] to embedded
gait pattern control [12], EMG motion control [13,14], and state
based control [15] are all bearing fruit. For example, the
Proprio Ankle by Ossur is a commercially available state
control device that modulates ankle angle based on the
environment, gait, and condition to better mimic the kinematics
(opposed to both kinematics and kinetics) of the lost limb [16].

The research community has come a long way since the
days of wooden pegs. Even still, today’s foot-ankle prosthetic
devices are still largely passive and untunable. They typically
use rubber like springs or leaf springs made from carbon
composite materials. They do not contain powered elements
that assist in locomotion. Amputees must rely on the limited
spring-back passive devices provide and modify their gait to
help propel themselves forward. Amputees cannot drastically
change their locomotion conditions due to the unchangeable
parameters of their prostheses. Carrying heavy loads or
transitioning from walking to running using a single device
remains a challenge. Amputees frequently change from one
device to another to meet these conditions. Even though these
represent a vast improvement from the rigid and damper based
systems, they are inadequate for majority of high level amputees
especially the Military amputee, the intended user of SPARKYy.

B. ANKLE COMPLEX DURING WALKING GAIT

Gait is a cyclical pattern of leg and foot movement that
creates locomotion. Gait is commonly discussed in terms of a
percentage of a single gait cycle. A gait cycle is defined for a
single leg and begins with the initial contact of the foot with the
ground or ‘heel strike’; the conclusion of a cycle occurs as the

same foot makes a second ‘heel strike’. To illustrate a typical
pattern of gait, consider the illustration of the ankle complex
during stance phase of a single cycle of gait, figure 1 and the
kinematics and kinetics of a normal ankle, figure 2. Notice that
in figure 2, peak ankle moment occurs at roughly 45% of the
gait cycle and at a normalized value of -1.25 Nm/kg. The
negative sign represents the physiological direction of the
plantarflexing ankle. The foot rotates downwards to push off
from the ground. At the point at which the peak moment
occurs, the ankle angle begins a rapid decent to its lowest
overall value of -24 degrees at 60% of the gait cycle. The
region of gait approximately between 45% and 60% of the gait
cycle is known as ‘push off’. At the conclusion of ‘push off’,
now considered ‘toe off”, the leg initiates ‘swing’ and the foot is
then positioned for the next ‘heel strike’.

MLLLL

0% > 60%
Heel Strike Stance Phase Toe Off

Figure 1. Stance phase of a single gait cycle. 60-100% of gait is the
swing phase, not shown [17].
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Figure 2. Normal Ankle Gait: Kinematics and Kinetics [18].
C. ENERGY AND POWER DENSITY

An ankle joint requires 250W of peak power and in the
ideal direct drive scenario 36 Joules of energy per step (80kg
subject at 0.8Hz walking) [19]. This is significantly more than
what is required at the knee or hip joints. An actuator and
transmission system that can provide the necessary peak power
would most likely be an electric motor and gearbox system that
under a traditional approach weights 6-7 kg. Providing 36
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Joules of energy per step would require a significantly larger
battery for a modest 8 hours of operation. Other actuator
technologies that are used in gait therapy devices such as
pneumatic and hydraulic actuators like the “McKibben Muscle”
can provide the required power with a small device but are
impractical as portable devices because they require separate
pumps or other air supply [20]. Electroactive polymers have
been used to demonstrate stationary bicycle pedaling and bicep
movement in a human size skeleton but even the most
promising of these materials, the dielectric elastomer, would
require more than 5000V of electricity for operation of a much
smaller 100W actuator [21].

IIl. THE ROBOTIC TENDON AND ESAR FEET
A. THE ROBOTIC TENDON

The Robotic Tendon [19] is a small and lightweight
actuator that features a low energy motor that is used to adjust
the position of the helical spring using a very simple position
controller. Figure 3 illustrates how the desired spring deflection
and consequently via Hookes Law the desired force is achieved
using a spring. As the ankle rotates over the foot during stance
phase, a lever position profile as shown in figure 3 is obtained.
By correctly positioning the motor, a desired spring deflection
as shown in the shaded area of figure 3 is obtained. A heavy,
powerful, impedance controlled motor is not needed because
the Robotic Tendon stores a portion of the stance phase kinetic
energy and additional motor energy within the spring. The
spring releases its stored energy to provide most of the peak
power required during push off. Therefore, the power
requirement on the motor is significantly reduced. As described
in [19], peak motor power required is 77W compared to 250W
for a direct drive system in the 80kg subject at a 0.8hz example.
And consequently, the weight of the Robotic Tendon, at just
0.95Kkg, is 7 times less than an equivalent direct drive motor and
gearbox system that is required to provide the necessary peak
power. In addition, ideal energy requirements, as determined by
the integration of the power curves, were reduced from nearly
36 Joules to 21 Joules per step (80kg subject walking at 0.8hz)
significantly reducing battery requirements so that a
commercially available battery pack worn in a fanny pack could
potentially power SPARKY for 8 hours of continuous operation.
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Figure 3. Desired spring deflection, shaded area, is

achieved by controlling the motor position and capitalizing
on the cyclical nature of gait [17]. As the tibia rotates about
the stance foot, the lever extends the springs.
Simultaneously, the motor extends the spring in the
opposite direction to achieve the desired spring deflection
and via Hooke’s Law the forces required to generate the
required ankle moments for walking.

B. ROBOTIC TENDON TEST DATA

In a recent experiment, we tested two able-bodied subjects
(male, 60kg and female, 70kg both at 0.8hz) outfitted with an
orthotic device with a Robotic Tendon on a treadmill. The
device was configured to provide 50% assistance, which was
done by scaling the body weight by half to determine the power
requirements. The purpose was to confirm our new dynamic
control scheme [12] and to confirm that by harnessing the
stored elastic energy in the mechanical elements, motor
requirements were significantly reduced — a critical requirement
towards portability.

As described in detail in [17], a 70kg subject walking with
50% assistance with a typical gait would require a peak power
of approximately 108W. Consequently, a direct drive system
would be forced to provide 100% of the 108W. A tuned
Robotic Tendon reduced the peak power required by the motor
to be 43W. This is a significant reduction in motor requirement
and therefore, size and weight.

Results of our initial evaluation can be seen in figure 4.
Input power was determined by the product of the linear
velocity and the force at the motor. Output power was
determined by the product of the linear velocity of ankle
displacement and the force acting on the spring. The measured
output peak power was 131W. The corresponding input power
generated by the motor was 55W. This means that the spring
provided 76 W of the 131W of peak power. The output was
238% higher than the power generated by the motor — a 2.38
power amplification. This is a very positive result in terms of
kinetic efficiency. This demonstrates the power of harnessing
spring energy in gait assistance.
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Figure 4. The input power is the power generated by the DC motor.
The output power is the combination of motor and spring power.
Note: output power profile includes noise due to the use of
numerical differentiation method [17].

C. ENERGY STORAGE AND RETURN (ESAR) FEET

Research shows that energy storage and return (ESAR)
devices compared to the SACH Foot provide better
performance. When used, they allow faster walking velocity and
better terrain negotiation [2-4]. They have increased range of
motion; they store and return energy; and they reduce needed
energy requirements [5-9]. Sienko et al in their study [22],
compared the power generation capability of the several leading
ESAR feet commercially available today. For example, they
report that the Seattle Lite foot creates a peak power generation
of 0.73 W/kg and the Genesis Il Plus feet, with the largest
power generation, create 1.47 W/kg. Since a typical person
would generate approximately 4 W/kg, leveraging ESAR
devices have the potential to supply 35% of the peak power
requirement during push off.  Schneider et al [23] report in
their study of BK children that the Flex Foot generated
0.115J/kg and 1.36W/kg at 0.9 m/s and 0.133 J/kg and
1.90W/kg at 1.3 m/s. This report suggests that the Flex Foot
may be able to provide up to 45% of the peak power and 30%
of the energy required for walking gait. Therefore, SPARKY
will include ESAR feet in its design.

All ESAR feet use deformable forefoot keels to store and
release energy as a leaf spring mechanism [24], figure 5.
Therefore keel stiffness and the amount of input energy
dissipated by the foot before “push-off” becomes a significant
criterion in our prosthesis selection process. Geil investigated
the stiffness and hysteresis for eleven prosthetic feet [24]. The
tests revealed that the feet fell in four general levels of stiffness
with the most stiff at 76 KN/m, more stiff at 60.6 KN/m, less
stiff at 38.4 KN/m, and least stiff at 27.7 KN/m. He also found
that the least stiff foot, the College Park TruStep returned the
most energy at 5.77J but was the most inefficient losing 31% of
energy. Generally, the stiffest feet, 76KN/m, were the most
efficient at 0.85 efficiency but the energy return was only at
about 4J.

Deformable Keel

Figure 5. Flex-Foot Vari-Flex by Ossur pictured and
conceptualized to illustrate the deformable keel. The spring and
lever model is a simplistic view of the keel and the spring in the
Robotic Tendon. The interaction between the two springs must be
considered as we select both the keel and the Robotic Tendon
spring [25].

Ill. SPARKY DESIGN
A. OBJECTIVES

As the title suggests with the term “Regenerative Kinetics,”
the primary objective is to develop a new generation of
powered prosthetic devices based on lightweight, energy storing
elastic elements that will significantly minimize the peak power
requirement of the motor and total system energy requirement
while providing the amputee enhanced ankle motion and “push-
off” power.

The SPARKYy Project is a multi-phased effort that will
culminate with the functionality to support walking in an
unstructured environment for up to 8 hours with a single charge
of a wearer portable battery pack and support structured
running.

This paper describes the design and analysis of the Phase 1
SPARKYy. Phase 1 specifications include: (1) tabletop controls
to start, stop and modulate speed on a linear walking surface,
(2) capability to provide 100% of the required power for gait
and sagittal plane range of motion equivalent to able-bodied
gait, and (3) with use of elastic mechanical elements,
mechanism design and motor control, significantly reduce the
power and energy output burden on an electric motor so that the
size and weight of the electric motor and batteries will be
reduced to a lightweight, portable level. Phase 1 SPARKy will
be tested on at least two below the knee amputees.

B. MECHANICAL DESIGN
The mechanical design of SPARKY has presented several
obstacles that needed to be overcome to maximize the energy

output without limiting the comfort, capability and safety of the
robot. Figure 6 show two perspectives of the modeled
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Robotic
Tendon

prosthetic. A new parallel two spring Robotic Tendon is
attached to a custom aluminum pylon and to a commercial
FS3000 Keel from Freedom Innovations via a lever. The four
sensors that provide closed loop feedback are not shown in
these illustrations. The computer and electronics are tethered in
a table top configuration for the Phase 1 SPARKYy.
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Figure 6. Isometric and side views of current design as modeled
in Solidworks. The RE40 motor coupled with the robotic tendon
provide a dynamic moment about the ankle joint.

While the Robotic Tendon itself was already designed and
tested at the inception of this project, it was not modeled for
this particular application. These designs were modified to
accommodate a larger motor as well as larger forces.

For tuning purposes, there was also a great need for
adjustability in many aspects of the design. As the spring
stiffness requirement changes with the weight of the user, the
system must incorporate interchangeability with springs. It was
also desired that the lever arms have some level of adjustment,
as a minute change in the length of the lever arm can have
drastic effects on the power generation. This was done by using
male threaded rod ends.

It was determined during the design phase that locking the
ankle joint and isolating the Robotic Tendon during certain
phases of gait would further increase the energy storage
potential in the keel and Robotic Tendon system. The method
of achieving this lock utilizes the user’s body weight to cause a
small compression of a spring-loaded locking pin after heel
strike. The pin is then released using a solenoid.

Future possibilities were also taken into consideration in
this design. A common complaint by users of such prosthetics
is the discomfort associated with stepping on a laterally slanted
surface due to the rigidity of the prosthetic in that dimension.
While the split-keel design of this foot alleviates this to some
extent, further advantage may be taken by the dual spring
design of the robotic tendon. The current design has an
additional axis in the ankle that would allow for the springs to

operate separately in the event of an ankle “roll,” allowing
approximately 17 degrees in each direction. For phase 1,
however, this motion will be further limited by rubber bushings
on each side of the central shaft.

C. ELECTRONICS, SENSORS AND COMPUTING

SPARKY is controlled in real time using Real Time
Workshop and Simulink from Mathworks. The Simulink model
is compiled on to the embedded target PC with the xPC Target
Operating System. An encoder at the motor, an encoder at the
ankle joint, a strain gauge on the keel, and an optical switch
embedded at the heel provides the necessary sensor feedback.
Advantech’s 650MHZ PC-104 with 512MB on board memory
is selected to run the system. A multifunctional 1/0 board from
Sensoray Co., Model 526, which is connected to the PC104 via
an ISA bus, controls a RE-40 Maxon DC motor with encoder
feedback. In the current prototype, the computing is done with
the system mounted in a separate table top enclosure. Future
prototypes will make use of batteries and a computing system to
be worn by the user and eventually fully contained in the unit.

D. CONTROL

Together with power and energy density, computer control
of prostheses remain a significant challenge. Efforts towards
control methodology that produce biologically realistic
movement in prostheses and orthoses began in the early 1960s
with work such as the Belgrade Hand. However, even after a
half century of work, achieving human like control is proving to
be very difficult. Work by Au et al and Ferris et al in EMG
position control [13-14] and by Pappas et al in state based
control [15] seems promising because of its simplicity. Sugar’s
effort to reduce the control problem using compliant simple
force control [26] is a key finding towards simplifying control
methodology and served as our starting point with the Robotic
Tendon.

The SPARKYy controller has a predetermined gait pattern,
which is based on able-bodied gait data from [18] and kinetic
analysis from [19], expressed as a time-based function
embedded in the controller, which drives the motor controller
and thus the system. Gait is initiated at heel strike with
activation of an optical switch embedded in the heel. As the user
initiates gait, the motor drives the lead screw nut through a
pattern predetermined for each subject with closed loop
feedback. The ankle, however, is not forced to follow the
specific pattern because the compliant spring is between the
motor and user, safely absorbing environmental irregularities
such as a rock under foot or user errors. This inherent
compliance not only provides for a safer interface, but allows
for a much simpler control scheme because we no longer
require high bandwidth high precision force control.
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IV. DESIGN ANALYSIS
A. Freedom Series 3000 KEEL

The FS 3000 Keel was selected for SPARKY primarily for
its geometry. Its unique pylon interface allows for a robust
design platform.  However, as part of its selection, we
conducted a force-deflection test to determine its stiffness using
Geil’s method [24]. The keel rated for an average walking male,
plantarflexed at 12 degrees, was loaded from 0 to 600N, 0 to
800N and 0 to 1000N at 1mm/sec using the Material Testing
System (MTS) SINTECH 1/S. The average of the linear slopes
of the three force-deflection curves was used to approximate the
equivalent keel stiffness to be 76KN/m. A finite element
analysis of the foot using COSMOS revealed its deflection
pattern and stress levels, figure 7, when loaded in a similar
manner as the force-deflection testing. The stain gauge which
will be used to determine the deflection in the keel will be
placed at the highest stress area based on our FEA results.

Figure 7. Finite element analysis of the FS3000. The red color
represents the highest stress levels. Loading and constraint
parameters replicated the condition at peak moment during the
“push-off”’ phase.

B. KINETIC AND KINEMATIC ANALYSIS

It is understood from a pogo stick and a hopping robot
example that springs alone are not enough to provide 100% of
the power required for its dynamic tasks. Motors alone are too
expensive in terms of power and energy. What combination of
actuator, Robotic Tendon spring stiffness, ESAR keel stiffness,
ankle joint motion and control scheme is optimal? To answer
these questions, multiple models were derived, each with
varying combinations of these design parameters. Ankle joint
angle and moment data used in the simulation are from able-
bodied data generated by inverse dynamics of motion capture
and force plate test data published by Whittle in [18]. The
remaining kinetic and kinematic analysis is derived using a
quasi-static approach. MATLAB simulation of the models
showed that a power amplification of up to 6 may be possible.
Presented here are 2 of those models selected for SPARKy
Phase 1 for their simplicity and robustness. Simulation of these
2 models showed that a power amplification of 4.26 and 3.25 is
possible while maintaining gait kinematics and kinetics similar
to able-bodied persons.

All of the models used the basic premise of the Robotic
Tendon. As the tibia rotates over the stationary ankle (ankle
rocker), the tendon spring has the potential to become extended
by this motion. In addition, the keel deflects due to the
dynamics of gait, figure 8. The two models presented here have
different spring stiffnesses, ankle joint motion and control laws.

SIMPLE SERIES MODEL

In the simple series model, the keel and the Robotic
Tendon springs are in series, therefore, the moment in the keel
is equal to the moment in the Robotic Tendon. Motor position
is controlled so that the moment of the Robotic Tendon matches
that of the able-bodied moment data, Equation (1). Note that K,
is the keel stiffness, K; is the spring stiffness, B is the radius of
the keel deflection, d is the moment arm due to the keel
deflection. See figure 9.

M, () =M, (t)=M . (1) €]
where :
M , from published AB data [18]

M keel (t) = KaBd ¢(t)
M o (1) = K, (x(t) = 16 (1)

Solving Equation (1) for motor position, x(t), gives the
expression in Equation (2):

K ,Bd
x(t) =10(t) - ———o(1) (2)
K.l

The assumed force in the Robotic Tendon is given by
Equation (3):

F() = ';7 (3)

The ideal power generated by the motor to move to
position x(t) is given by the product of the force and velocity in
the tendon, Equation (4):

P, (1) = Fr) 2O
dt

M, (1) [ K,Bd dp(t) | do(t) 1
I K, o dt dt

= P_(t) = (4)

The expression in Equation (4) represents the power
required by the motor to generate the desired moment and ankle
angle of able-bodied gait published in [18] given that the spring
provides the majority of the required power.

Optimization of Equation (4) varying keel stiffness, K,, and
spring stiffness, K, showed that a minimum peak motor power
profile is achieved by varying K as seen in Figure 10. This
figure is a surface plot of the peak power at a given spring and
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keel stiffness. It shows that a spring stiffness of 32000N/m is
optimal in terms of minimum peak motor power. At this spring
stiffness, the peak motor power is at its lowest value of 80W.
Note that as the tendon spring becomes rigid, required motor
power reaches that of a direct drive system. And as the tendon
spring stiffness reaches zero, required motor power becomes
asymptotic.

TN

springy

lever

motor
keel

Figure 8. The ankle rocker motion extends the spring and deflects
the keel. The motor increases the spring deflection to add
additional energy into the spring to support push off. The spring
and keel provides the majority of the peak power required during
push off [25].

Able-Bodied Ankle
Joint Angle [W]

|

1

1

' Motor

o | Position

: '4
Able-Bodied Ankle LR X(t)
Joint Moment [W] ' K

Deflection B

Figure 9. A 2 degrees-of-freedom model with a seismic excitation
representing the motor excitation, a torsional spring for the keel
and a helical spring between the lever and the motor is shown.
The moment due to the keel is a function of ¢(t) and the moment
due to the spring is a function of x(t)-©(t)l. The moment at the

ankle is from published information determined using inverse
dynamics of motion capture and force plate test data as published
in [18].
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Figure 10. This is a surface plot of the peak power from Equation
(4) varying K, and Ks. Notice that at a spring stiffness of 32,000
N/m, the minimum peak motor power of 80W is achieved. Keel
stiffness does not have any bearing in this optimization.

The results are significant because it shows that SPARKy
with use of a keel and Robotic Tendon can achieve significant
kinetic advantages similar to our previous work with the
Robotic Tendon on an orthotic device.  This simulation
illustrates that with an input power of 80W from the motor, that
SPARKY, with use of springs, can deliver the required 260W of
peak gait power, which is a power amplification of 3.25. Figure
11, generated from the simulation, shows the motor, gait and
keel power profiles. Notice that the motor power peaks at 80W
and the gait power peaks at 260W. The keel power profile is
not additive because the system is in series. However, notice
that this power profile is similar to what is found in literature
about ESAR keel power.

Power Profile for One Gait Cycle

300

260+ 4
— 200 Power J
= Amplification
L 190F Of 3.25 1
L]
g 100 -
o

50 L L L L L L
0 02 0.4 06 0.8 1 1.2 1.4

Time [seconds]

Figure 11. The power profiles for able-bodied gait in red, required
motor power in black and power from the keel in blue. (From
simulations.)

This series model achieves 100% of the required gait

power with less than a third of input power (motor power) by
harnessing the energy storage potential of springs. In addition,
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because the system’s joint motion is controlled only by the
counter-moments of the tendon spring and keel, kinematics of
the system is almost identical to the desired able-bodied gait,
see figure 12. Note that the ankle joint motion is identical to
the desired able-bodied ankle angle data as seen in figure 2 and
total motion of the ankle-foot complex is the summation of the
ankle joint motion and keel deflection. This total motion of
SPARKY is expected to provide its user with kinematics similar
to able-bodied gait kinematics representing a significant
improvement from today’s state of the art.

Keel, Ankle Joint and Sum of Angles
T T T T

o 4 ) Dorsiflexion

N e

/

Angles [Radians)

/
/
/

\\// Plantarflexion

o 02 04 06 08
Time [seconds)]

Figure 12. This figure shows the ankle joint angles in blue, keel
deflection angles in red and the sum of both in black. (From
simulations.)

VARIABLE STIFFNESS MODEL

In this model, through joint motion control and related
control scheme, the equivalent system stiffness is varied
throughout the gait cycle. And the keel and Robotic Tendon
work together to store and release energy during the critical
“push-off” phase. By shielding the Robotic Tendon from the
dynamics of mid-stance phase of gait by locking the ankle joint,
the motor is allowed to work free of external forces to store
elastic energy in the tendon spring. This methodology reduces
further, the motor power requirements from 80W in the simple
series model to 61W in this model. See figure 13. The black
line is the required motor power profile. The green line is the
power generated by the Robotic Tendon that includes the motor
and tendon spring. The blue line is the keel power and the red
line is able-bodied gait power. Notice that the peak motor
power is at 61W. Also notice that the Robotic Tendon generates
a power profile very similar to that of the able-bodied power
profile. Summing the Robotic Tendon and keel powers bring
the power profile even closer to that of the able-bodied profile.

Keel, Motor, Gait and Robotic Tendon Power

Power
Amplification
0Of 4.26

Power [W]

L |

Time [seconds)

Figure 13. Gait power profile is in red. Power generated by the
Robotic Tendon is in green. Motor power is in black and keel
power is in blue. Keel and Robotic Tendon power are additive
from 20% to 50% in this model. 61W from the motor is enough to
output the required 260W for gait, a power amplification of 4.26.
(From simulations.)

Simulations show that SPARKy with the variable stiffness
model is able to provide 100% of the peak power required
during “push-off” while maintaining a gait kinematics similar to
able-bodied gait. See figure 14. This figure shows that
SPARKy’s total motion shown in green provides all of the
required plantarflexion and most of the dorsiflexion during the
stance phase and all of the dorsiflexion during the swing phase.

Keel, Ankle Joint and Total Motion Angles
02 . . : . . ;
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Figure 14. The red line is the ankle joint angle. The blue line is the
keel deflection angle. The green line represents the motion of
SPARKYy as a function of ankle joint motion and keel deflection.
(From simulations.)

V. CONCLUSION

Significant advances have been achieved towards computer
controlled active transtibial prosthetic devices that can actively
support its users in their normal environment and conditions.
The Proprio Ankle [29] by Ossur and the MIT’s Ankle-Foot
Emulator [30] are good examples of the most recent
achievements. However, low power and energy density and
inadequate control methodology remain as key challenges
towards realizing biomimetric devices. We presented in this
paper the design and analysis of the Phase 1 SPARKy. We
showed that our approach gains Kkinetic advantages by
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leveraging elastic energy potential in uniquely tuned helical
springs. As the tibia rotates over the stance foot ankle during
walking gait, we position the spring to maximize elastic energy
storage. We presented a powered orthotic example where we
achieved a power amplification of 2.38 with the motor
providing 55W and the spring providing the remaining 76W.
We presented two models of SPARKYy that achieved a power
amplification of 3.25 and 4.26 in MATLAB simulation. We
also show that SPARKY should be able to provide 100% of the
“push-off” power required in walking gait while maintaining
gait kinematics similar to able-bodied gait. This is an
unprecedented finding because this level of Kkinetic and
kinematic performance may represent the very best in today’s
transtibial prosthetic technology. Also, as significant is that this
level of power amplification brings powered running devices
within sight.

The SPARKY team has finished building its Phase 1 device,
figure 15. System level subject testing will start June 2007.

Figure 15. The Phase 1 SPARKy on a treadmillldrjring initial
testing.
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A robotic tendon is a spring based, linear actuator in which the
stiffness of the spring is crucial for its successful use in a light-
weight, energy efficient, powered ankle orthosis. Like its human
analog, the robotic tendon uses its inherent elastic nature to re-
duce both peak power and energy requirements for its motor. In
the ideal example, peak power required of the motor for ankle gait
is reduced from 250 W to just 77 W. In addition, ideal energy
requirements are reduced from nearly 36 J to just 21 J. Using this
approach, an initial prototype has provided 100% of the power
and energy necessary for ankle gait in a compact 0.95 kg pack-
age, seven times less than an equivalent motor/gearbox
system. [DOI: 10.1115/1.2264391]

Introduction

An effective form of robotic intervention would be a wearable
system that could provide the strength and performance augmen-
tation to a person with motor disabilities. A robotic device could
provide strength where there is weakness, respond to stimuli
quickly rather than slowly, and a wearable robot could sense prob-
lems early, rather than after it is too late.

However, use of the term “wearable” implies that such a robot
be portable, lightweight, and safe. In order for such a device to be
accessible for home use, the additional implications are that the
wearable robot be economical and easy to operate. In contrast, a
factory floor robot is none of these things; therefore, simple adap-
tation of existing technology is not possible. In order to handle the
needs of people with motor disabilities, actuated wearable robots
that are portable, lightweight, safe, economical and simple to op-
erate are required [1]. These exoskeletons would add power to the
system, unlike orthoses that are typically resistive devices.

Well known projects in the area of assisted locomotion are the
BLEEX (Berkely Lower Extremity Exoskeleton) robot and the
HAL-3 (Hybrid Assistive Leg) robot [2—4]. Both devices are rig-
idly attached to the wearer and are directly driven, i.e., no com-
pliant interface. The BLEEX robot uses hybrid hydraulic actuators
to drive the system, whereas the HAL-3 robot uses dc motors and
gearboxes to provide power for movement to the user. In both
projects, the same solution is used providing both positive and
negative forces to the user to achieve a desired movement pattern.
For example in gait, sometimes the robot needs to push the user
(positive) and sometimes for support the robot needs to resist the
user (negative) and in either case the robot is putting power into

Contributed by the Bioengineering Division of ASME for publication in the JOUR-
NAL OF BIOMECHANICAL ENGINEERING. Manuscript received August 18, 2005; final
manuscript received March 22, 2006. Review conducted by Andrew A. Amis. Paper
presented at the 2005 Design of Medical Devices Conference.
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the system. In order to meet the demanding requirements stated
above, our powered ankle orthosis will include energy conserva-
tive, power reducing springs for safety, portability, and regenera-
tive braking.

Robotic Tendon

Use of the term robotic tendon implies an analogy to human
physiology. Mentioned earlier, the simple inclusion of a spring to
a linear actuator can provide energy and power savings to the
design of a wearable robotic device. The premise of the following
development is that the human muscular system uses the advan-
tages inherent in its elastic nature. Those advantages are a mini-
mization of both work and peak power. In terms of an electric
motor, minimizing both average and peak power implies the re-
duction of requirements for motor size and thus weight. Minimiz-
ing work implies a reduction of stored energy supply necessary to
fulfill the demands of gaits. For a portable robotic system, these
are both very important considerations.

The robotic tendon is similar to the devices by Sugar and Ku-
mar [5,6] and Robinson et al. [7]. Each of these devices include a
linear actuator in series with a spring. Different from these, our
system features a small, lightweight, low energy motor that is
used to adjust the position of the spring using a very simple con-
ventional position controller. A heavy, powerful, impedance con-
trolled motor is not needed because it is not the “actuator.” The
actuator is a spring that is tuned and dynamically positioned for
normal gait. Many other mechanical solutions could be used to
adjust the position of the spring. A conceptual model of the Ro-
botic Tendon can be seen in Fig. 1.

The stiffness of the spring must be adjusted for different appli-
cations such as stair climbing and running. The authors are devel-
oping a helical spring that can be tuned dynamically.

In other works, a robotic powered knee, RoboKnee [8], and an
active ankle foot orthosis, AAFO [9], have been developed to
assist with an individual’s gait. Each of these devices feature the
linear Series Elastic Actuator [7] as the means of robotic control.
The linear series elastic actuator features a helical spring in series
with a ball screw mechanism. For the series elastic device, the
inclusion of the spring aids greatly in force and impedance control
task stability. However, even though the device uses a spring be-
tween the actuator and the environment (i.e., human), the compli-
ance of this system is derived mostly from its controller. Based
upon the geometry and length of the springs used, very little de-
flection or compliance would be possible and thus the stiffness of
the system is nearly similar to a directly driven system comprising
of a lead screw and motor.

It has been well known to the legged robot community that the
inclusion of springs in robotics can effectively reduce both the
power and energy requirements demanded of an actuator [10,11].
This is because a spring can store and release energy efficiently
during cyclic repetitive tasks and the power released from a spring
is limited only by the natural frequency and stiffness of the sys-
tem.

Human Gait. Gait is a reoccurring pattern of leg and foot
movements, rotations, and torques. Due to its repetitive nature, the
discussion of gait is done in terms of percentages of a gait cycle.
A gait cycle is defined for a single leg and begins with the initial
contact of the foot with the ground or “heel strike”; the conclusion
of a cycle occurs as the same foot makes a second “heel strike.”
To illustrate a typical pattern of gait, consider the kinematics and
kinetics of a normal ankle [12], Fig. 2. Notice that the ankle
moment (torque) data is normalized by body weight, kg.

In this figure, peak ankle moment occurs at roughly 45% of the
gait cycle and at a value of —1.25 N'm/kg. The negative sign
represents the physiological direction for which the moment oc-
curs, and in this case, peak moment is acting to move the foot in
a toes down direction. At the point at which the peak moment
occurs, the ankle angle begins a rapid desent to its lowest overall
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Fig. 1 Robotic tendon model: motor and spring in series

value of —24 deg at 60% of the gait cycle. The region of gait
approximately between 45% and 60% of the gait cycle is known
as “push off.” At the conclusion of “push off,” now considered
“toe off,” the leg initiates “swing” and the foot is then positioned
for the next “heel strike.”

Analysis of the Robotic Tendon. In contrast to the direct drive
example, a spring based actuator design will have very different
characteristics. Using the simple model of the robotic tendon in
Fig. 1, comparisons to direct drive approaches can be seen. In a
direct drive approach, the stiffness K can be considered nearly
infinite; thus all of the environmental displacements must come
from the linear actuator. In the Robotic Tendon model, the selec-
tion of K reduces the energy and peak power requirements of the
motor.

From Fig. 1, a development of motor power requirements based
upon stiffness K can be derived. The position of the environment,
Xg, 1s given by converting the joint angles of the gait to linear
displacement using a simple lever arm. In the model, the position,
X, can be achieved by the compression of the spring and the
movement of the motor. It is thus a combination of the position of
the motor, x,,, and the position of the spring, x,, see Eq. (1)

10

B

Xg =X, + X (1)

g

However, since a spring is a passive device its position is de-
termined by the force, F, applied to it. The force, F, is calculated
by converting the moment needed in gait using a simple lever
arm. Consider the basic Hookean spring shown in Eq. (2)

F=K- Ax (2)
where

Ax,=d,— x;

The free undeformed length of the spring is represented by d,,
and is simply an offset value. Solving Eq. (2) for x,, yields

xszdu__ (3)

The length of the spring is based upon the environmental force
and spring stiffness. Equation (3) can be substituted into the equa-
tion for environmental position, x,, and solved for the required
motor position, x,,. From this substitution, Eq. (4) is determined.

F
X = Xg + } - d() (4)

and taking its derivative, yields the velocity required

F
Ay = Xy + X (5)
Knowing the forces, F, required by the gait cycle and knowing
the motor’s required velocity, x,, the relationship for motor
power, P,,, can be obtained. Power is simply force multiplied by
velocity, thus multiplying F by Eq. (5) will yield a relationship for
motor power,

2 F.x i d
= Xy + ———
S K
; ——
galt power spring power (6)
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Fig. 2 Normal ankle gait: kinematics and kinetics
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Fig. 3 Optimization of stiffness, K

Human ankle gait power can be both negative and positive.
When it is negative, a resistance motion is applied to the ankle,
and when it is positive, a propelling motion is applied. A motor
unit cannot typically provide negative power; therefore, it must
provide power to both resist and propel human motion. For this
reason, an absolute value in Eq. (6) is used. In addition, values for

force, F, velocity, Xg and F can all be determined from human gait
analysis data. Thus, stiffness, K, becomes the only design
parameter.

Consider the case where spring stiffness, K, is nearly infinite
(i.e., direct drive). In this example the spring power term drops to
zero and the motor must provide the absolute value of normal gait
power. In the opposite case, consider a spring with a stiffness near
zero.

In this example, the power requirements tend toward infinity. If
a straight line is assumed between these two cases, it would ap-
pear that a direct drive scenario is the best. Fortunately, this sim-
plistic relationship is not the case. On the contrary, if a spring is
properly selected both energy and peak power for the motor re-
quired to perform human gait can be drastically reduced compared
to the direct drive analogy.

Direct Drive Scenario. In order to evaluate Eq. (6), some as-
sumptions about the human operator and device must be made.
For this analysis, consider a 80 kg person, who has a walking rate
of 0.8 Hz. Also consider that the lever arm necessary to convert
the rotational ankle joint characteristics to linear movements is
12 cm. With these assumptions peak power for human gait is
nearly 250 W.

In the angle and moment relationships for human ankle gait,
Fig. 2, it can be shown that the highest moments and highest
velocities must occur at approximately 50% of the gait cycle. To
match the peak power, a motor of significant size and weight
would be required. As an example, the Maxon motor RE75
(Maxon Precision Motors, Inc., San Diego, CA) is rated for
250 W continuous power (rated peak power, 393 W) and weighs
2.8 kg not including the weight of a gearbox. Adding an appro-
priate gearbox would increase the weight by 3.8 kg; this com-
bined weight is no small consideration for a portable wearable
device. Although the peak power requirement for gait is high, it is
only at this magnitude for the instant at which “push off” is initi-
ated. For the remainder of the gait cycle the power requirements
are much more modest. Because gait is a repetitive task, the
manufacturer suggested that the power required be matched with
the continuous rated power of a motor.

Spring Design. Based upon Eq. (6), the relationship between
stiffness, K, and “peak” motor power is considered in Eq. (7).

 F-F
F-xg+7

™)

(Pm)peak =max

Again using the assumptions for our example person, an evalu-
ation of Eq. (7) for a range of stiffnesses can be performed, see
Fig. 3.
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Fig. 4 The power required for the human ankle in gait versus
the input power needed for the motor driving the robotic
tendon

Figure 3 reveals an interesting relationship. Both extreme cases
described earlier can be seen in this figure. At a stiffness value
near zero, infinite motor power would be required.

It is seen that a high stiffness spring asymptotically approaches
peak gait power near 250 W. However, rather than being a linear
relationship between the two extremes, a minimum point or cusp
occurs. The driving profile for this plot is determined by a —(1/K)
relationship with respect to power. The cusp is created as a func-
tion of the absolute value of this factor and hence a minimum is
created. For the example problem, an optimal value of stiffness,
K, is determined to be 20,278 N/m.

In Fig. 4, the peak motor power is significantly reduced com-
pared to the human ankle gait demands. An optimally chosen
spring reduces peak motor power requirements to just 77 W and
needs only 21.1 J of energy per step. It is not hard to imagine that
the human musculotendon structure may likely be doing some-
thing very similar. In contrast, consider that for a direct drive
system, the power requirement must be considered as the absolute
value of the normal gait curve. Integrating the power of a direct
drive system yields the total energy required for each step to be
3591.

The peak power of the robotic tendon actuator is only 31% of
that required by the direct drive system. A comparable dc motor
for this range of power would be the Maxon RE35, which is
nominally rated for 90 W (rated peak power, 206 W) and weighs
0.34 kg. These savings in power, weight and energy translate fa-
vorably to requirements demanded by wearable systems.

Prototype Evaluation

Based upon the gait scenario and the design method described
above, an ankle robot was constructed that could provide 100% of
the strength and power necessary for normal human walking. A
sketch of the second generation, powered ankle-orthosis is shown
in Fig. 5. The actuator for this robot weighs just 0.95 kg, which is
7 times less than that of an equilvanent direct drive system, i.e.,
motor and gearbox.

Although the prototype robotic tendon was designed for an
80 kg person walking at 0.8 Hz, testing involved a 65 kg person
walking at just 0.5 Hz. This slower rate of walking was chosen
purely as a safety measure during initial evaluation. The ankle was
immobilized and the powered ankle orthosis positions the ankle as
well as supplies the required torque (see Fig. 6).

The results of this evaluation can be seen in Fig. 7. The differ-
ences between design and evaluation assumptions are reflected in
a lower overall power for gait.

The measured data shown is a single step captured during a
walking trial. Notice that the computed ideal power (RT ideal) and

Transactions of the ASME



Fig. 5 A second generation, powered ankle-orthosis will be
designed using a robotic tendon. In this example, the spring
and the power unit are separated for compactness.

the measured power (RT measured) match very well. The differ-
ence in magnitude between these two peaks is a result of friction
in the system not considered within the ideal calculations. Also,
there exists a slight shift in phase for the measured peak power.
This shift is a result of the wearer trying to match the timing of a
simple fixed controller used to drive the robot.

Even with frictional losses, the total difference in energy be-
tween the ideal and measured cases is minimal. Had a spring
stiffness been chosen for the 65 kg person (16,476 N/m), energy
required for this system would have approached half of what is
predicted for an ideal direct drive case.

Conclusions

To develop wearable robots for human strength and perfor-
mance augmentation, devices that are powerful, energy conserva-
tive, portable, lightweight, and safe are required. These demands
can be difficult to achieve using only traditional robot design ap-
proaches. In order to meet all of these listed requirements, the
design of a spring-based linear actuator is necessary. In addition to
providing a measure of safety, the inclusion of the “correct” spring
stiffness can provide significant energy and peak power savings
for such wearable robotic devices.

In an ideal example, peak input power required by a motor for
ankle gait is reduced from 250 W to just 77 W. In addition, the
ideal input energy requirements are reduced from nearly 36 J to
just 21 J. Using the robotic tendon design approach, the initial
prototype can provide 100% of the output power and energy nec-
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Fig. 6 The predicted moment is calculated from Fig. 2. The
measured moment is calculated knowing the deflection of the
spring during the gait cycle.
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Fig. 7 Power comparison between predicted and measured
power of the motor driving the robotic tendon versus the power
required for the human ankle in gait

cessary for ankle gait in a compact 0.95 kg package. This value of
weight is 7 times less than that of an equivalent direct drive ap-
proach. Not only is weight savings a benefit of reducing motor
power, but more importantly, operator safety is improved as well.

An experimental evaluation of the robotic tendon prototype has
validated our analytical predictions. The predicted and measured
behavior of an ankle gait assistance device match well, and sig-
nificant peak power and energy savings are demonstrated.

The “correct” spring stiffness allows the actuator to store en-
ergy available from gait dynamics, while allowing that energy to
be returned quickly when it is needed.

A robotic tendon actuator allows a wearable assistance device
to become a more practical reality to people with motor disabili-
ties. With significant benefits, a robotic tendon actuator can help
make wearable robotics a more prevalent part of our near future.
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